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(§)  Condition  control  system  for  heat  transfer. 

A  condition  control  system  for e.  g.  a  boiler  is  responsive  to  a 
pressure  (or  temperature)  signal  PR  to  generate  an  on/off  firing 
signal  22  and  a  firing  rate  signal  26,  by  a  proportional  control  path 
(via  50)  and  an  on/off  path  (51).  The  system  operates  in  2  modes: 
proportional  (modulating),  and  cycling,  determined  by  a  limit 
switch  signal  LS.  To  minimize  the  cycling  rate  when  cycling,  the 
system  is  forced  into  the  lowest  fire  rate  when  first  fired  up;  the 
rate  of  change  of  pressure  is  sensed  (at  86)  and  the  signal  LS 
changes  the  mode  to  proportional  if  the  pressure  falls  (indicating 
that  the  low  fire  rate  is  inadequate).  In  the  proportional  mode, 
integral  action  (via  57)  is  used  to  adjustthe  setpoint  PSET  (via 44) 
to  reach  a  stable  operating  state.  In  the  cycling  mode,  the  setpoint 
PSET  is  adjusted  in  dependence  on  the  duty  ratio  of  the  cycles. 



The  t r a n s f e r   of  ene rgy   to  and  from  a  w o r k i n g   f l u i d   t y p -  
i c a l l y   is  a c c o m p l i s h e d   under   the  c o n t r o l   of  a  c o n d i t i o n   s e n -  

sor  such  as  a  t e m p e r a t u r e   or  p r e s s u r e   r e s p o n s i v e   u n i t .  

O r d i n a r i l y ,   the  s e n s o r   m e a s u r e s   a  s i n g l e   c o n d i t i o n   of  t h e  

work ing   f l u i d   and  in  t u r n   c o n t r o l s   the   r a t e   of  t r a n s f e r   o f  

ene rgy   to  or  from  the  w o r k i n g   f l u i d   in  p r o p o r t i o n   to  the  d e v -  
i a t i o n   from  a  s e t   p o i n t .   This  t ype   of  c o n t r o l   s y s t e m   t y p -  
i c a l l y   has  a  p r o p o r t i o n a l   o f f s e t ,   which   is  an  o f f s e t   f r o m  

the  d e s i r e d   s e t p o i n t   or  c o n t r o l   p o i n t   e s t a b l i s h e d   fo r   t h e  

o p e r a t i o n   of  the   s y s t e m .  
In  many  s y s t e m s ,   t h e r e   is  a  minimum  or  f i x e d   l o w e s t  

p o s s i b l e   e n e r g y   t r a n s f e r   r a t e   fo r   the   s y s t e m .   Above  t h a t  
minimum  r a t e ,   the  s y s t e m   t y p i c a l l y   can  m o d u l a t e   c o n t i n u o u s l y  
to  some  f i x e d   upper   l i m i t .   There   are   o f t e n   s t a r t u p   e n e r g y  
l o s s e s   a s s o c i a t e d   w i t h   the  t r a n s i t i o n   b e t w e e n   a  c o m p l e t e  
o f f   s t a t e   and  the  l o w e s t   o p e r a t i n g   r a t e ,   and  i n c u r r e d   e a c h  

time  the  s y s t e m   is  c a u s e d   to  c y c l e .  
The  s t a r t u p   l o s s e s ,   and  the  o p e r a t i o n   of  the   s y s t e m  

wi th   a  p r o p o r t i o n a l   o f f s e t ,   t y p i c a l l y   l e a d s   to  c e r t a i n   i n -  
e f f i c i e n c i e s .   A  more  e f f i c i e n t   manner   of  o p e r a t i n g   such  a  
sy s t em  can  be  b r o u g h t   abou t   by  m i n i m i z i n g   the  number  o f  

s t a r t u p   t imes   fo r   the   s y s t e m ,   and  by  t a i l o r i n g   the  o p e r a t i o n  
of  the  c o n t r o l   so  t h a t   the  w o r k i n g   f l u i d   is  not  over   h e a t e d  

or  c o o l e d   but   s u p p l i e s   j u s t   the  minimum  amount  of  e n e r g y  
r e q u i r e d   to  s a t i s f y   a  p a r t i c u l a r   l o a d .  

The  s p e c i f i c   s y s t e m   t h a t   w i l l   be  d e s c r i b e d   h e r e i n   i s  

a  b o i l e r   s u p p l y i n g   s t eam  to  a  s t eam  h e a t e d   l oad   in  r e s p o n s e  
to  a  f u e l   b u r n e r   c o n t r o l   s y s t e m .   However ,   the  i n v e n t i o n   i s  

a p p l i c a b l e   to  any  s y s t e m   t h a t   c o n t r o l s   the  t r a n s f e r   of  e n -  

ergy  to  and  from  a  w o r k i n g   f l u i d   in  a  s i m i l a r   manne r ,   s u c h  

as  a  b o i l e r   o p e r a t e d   m e r e l y   to  h e a t   w a t e r ,   as  o p p o s e d   t o  

g e n e r a t i n g   s t eam.   I t   cou ld   a l s o   be  a p p l i e d   to  a i r   c o n d i t -  

i o n i n g   s y s t e m s   in  which  the  w o r k i n g   f l u i d   is  a  h e a t   t r a n s f e r  
f l u i d   o t h e r   than   w a t e r ,   or  to  a  c o n d i t i o n   c o n t r o l   s y s t e m   i n  



which  the  w o r k i n g   f l u i d   is  a i r   which  t r a n s f e r s   h e a t   or  c o l d  
from  a  h e a t   e x c h a n g e r   to  a  l oad   to  which  the  w o r k i n g   f l u i d  
is  a p p l i e d .  

A c c o r d i n g   to  the  p r e s e n t   i n v e n t i o n   t h e r e   is  p r o v i d e d   a  
c o n t r o l   s y s t e m   for   a  b o i l e r   or  the   l i k e   w h e r e i n   an  onbff   control  

s i g n a l   a n d  a   p r o p o r t i o n a l   c o n t r o l   s i g n a l   a re   g e n e r a t e d   i n  

r e s p o n s e   to  a  s e n s e d   c o n d i t i o n   v a l u e ,   c h a r a c t e r i z e d   by  mode 
c o n t r o l   c i r c u i t r y ,   which ,   when  the   s y s t e m   in  the  c y c l i n g  
mode,  h o l d s   the   f i r i n g   r a t e   of  the   b o i l e r   to  the  l o w e s t  

r a t e ,   and  changes   the  mode  to  p r o p o r t i o n a l   ( m o d u l a t i n g )   i f  
the  s e n s e d   c o n d i t i o n   v a l u e   f a l l s   w h i l e   in  the   c y c l i n g   mode .  

I t   w i l l   be  seen  t h a t   the   p r e s e n t   s y s t e m ,   in  a d d i t i o n   t o  

r e d u c i n g   the   number  of  s t a r t - u p s ,   a l s o   i n c r e a s e s   the  g e n e r a l  
e f f i c i e n c y   of  the  b o i l e r   o p e r a t i o n .  

A  c o n t r o l   s y s t e m   embodying   the  i n v e n t i o n   w i l l   now  b e  

d e s c r i b e d ,   by  way  of  e x a m p l e ,   w i th   r e f e r e n c e   to  the   d r a w i n g s ,  
in  w h i c h :  

F i g u r e   1  is  a  p r i o r   a r t   s y s t e m ,  
F i g u r e   2  is   an  o p e r a t i n g   d i a g r a m   of  the  F i g u r e   1  s y s -  

tem,  a n d  

F i g u r e   3  is   the   p r e s e n t   s y s t e m .  
PRIOR  ART 

F i g u r e   1  shows  a  c o n v e n t i o n a l   s t eam  p r e s s u r e   c o n t r o l  

which  c o n t r o l s   the  f i r i n g   r a t e   of  a  b o i l e r .   Steam  p r e s s u r e  
PR  is  the  s e n s e d   p a r a m e t e r ,   but   t e m p e r a t u r e   c o u l d   e q u a l l y  
we l l   be  s e n s e d .  

An  u p p e r   s i g n a l   pa th   from  a  s e n s o r   10  to  a  c o n d i t i o n  

c o n t r o l  s e q u e n c e r   20  is  a  p r o p o r t i o n a l   p a t h .   A  lower   p a t h  
from  a  s e n s o r   10'  to  the   s e q u e n c e r   20  is   an  o n / o f f   c o n t r o l  

p a t h .   The  two  s e n s o r s   10  and  10'  are  t y p i c a l l y   d i s t i n c t .  

The  u p p e r   s e n s o r   10  is  a  p r o p o r t i o n a l   s e n s o r   which  p r o d u c e s  

an  o u t p u t   s i g n a l   in  p o r p o r t i o n   to  the  s e n s e d   p r e s s u r e .   The 

o t h e r   s e n s o r   10'  p r o d u c e s   a  d i s c r e t e   o u t p u t   i n d i c a t i n g   t h a t  

the  p r e s s u r e   l e v e l   has  r i s e n   above  or  f a l l e n   be low  a  p r e s e t  
l e v e l .   The  s e q u e n c e r   means  20  c o o r d i n a t e s   the  o p e r a t i o n   o f  

t h e  p r o p o r t i o n a l   and  the   o n / o f f   c o n t r o l   c i r c u i t s .   When  t h e  



s e q u e n c e r   means  20  r e c e i v e s   the  s i g n a l   to  t u rn   on  an  a s s o c -  
i a t e d   b u r n e r ,   i t   i n i t i a t e s   a  s e q u e n c e   of  s a f e t y   r e l a t e d  
a c t i o n s   i n t e n d e d   to  s a f e l y   l i g h t   a  b u r n e r   f l a m e .   This   s e -  

quence  i n c l u d e s   p u r g i n g   of  the  c o m b u s t i o n   chamber  of  a c c u m -  
u l a t e d   u n b u r n t   f u e l s ,   l i g h t i n g   a  p i l o t   f l ame ,   c h e c k i n g   t h e  
p i l o t   f lame  to  make  s u r e   i t   is  a c t u a l l y   l i g h t e d ,   and  l i g h t -  
ing  up  the  main  f lame  or  b u r n e r .   A f t e r   the  main  f lame  i s  

s u c c e s s f u l l y   i g n i t e d ,   the   s i g n a l   from  the  p r o p o r t i o n a l   c o n -  
t r o l   pa th   c o n t r o l s   the  f low  of  f u e l   t h r o u g h   a  v a l v e   d i r e c t l y  
in  p r o p o r t i o n   to  a  p r e s s u r e   e r r o r   s i g n a l .  

The  f u n c t i o n a l   e l e m e n t s   shown  in  the   p r o p o r t i o n a l   p a t h  
o r i g i n a t i n g   wi th   the  s e n s o r   10  are   t y p i c a l l y   a l l   i n t e g r a t e d  
i n t o   an  e l e c t r o m e c h a n i c a l   s e n s o r .   The  s e n s e d   p r e s s u r e   i s  
d i f f e r e n c e d   at  13  wi th   the  p r o p o r t i o n a l   s e t p o i n t   S P - P R ,  
y i e l d i n g   an  e r r o r   s i g n a l   which  p a s s e s   t h r o u g h   an  a d j u s t a b l e  
e l e c t r o n i c   ga in   means  15.  The  m e c h a n i c a l   l i m i t a t i o n s   o f  
the  s e n s i n g   e l e m e n t   ( t y p i c a l l y   a  p o t e n t i o m e t e r )   impose  l i m -  
i t s   on  the  e r r o r   s i g n a l   as  i n d i c a t e d   at  17.  T y p i c a l l y   t h e  

e r r o r   s i g n a l   would  be  c o n s i d e r e d   as  r a n g i n g   from  0  to  1 ,  
c o r r e s p o n d i n g   r e s p e c t i v e l y   to  the  l o w e s t   and  h i g h e s t   f i r i n g  

r a t e s ,   LF  and  HF,  t h a t   can  be  c o n t i n u o u s l y   s u s t a i n e d   by  a  
c o n v e n t i o n a l   b u r n e r .   This   s i g n a l   c o n t r o l s   the  s e q u e n c e r   20  

v ia   a  v a r i a b l e   r e s i s t a n c e   19.  The  p r o p o r t i o n a l   s i g n a l   r e -  
s u l t i n g   from  the  s e n s o r   10  is  in  e f f e c t   a  s e r v o   command 
t h a t   d r i v e s   a  s e r v o   motor   26  a t t a c h e d   to  the  f u e l   v a l v e .  

Commonly  the  p r e s s u r e ,   t h r o u g h   a  m e c h a n i c a l   l i n k a g e ,   d r i v e s  

a  p o t e n t i o m e t e r   w i p e r   to  p r o d u c e   a  v a r i a b l e   r e s i s t a n c e   w i t h -  

in  the  s e n s o r   which  is  p r o p o r t i o n a l   to  the  p r e s s u r e   d i f f -  

e r e n c e   from  u n i t   13.  This   v a r i a b l e   r e s i s t a n c e   is  c o n n e c t e d  

in  a  b r i d g e   c i r c u i t   which  c o n t r o l s   the  o p e r a t i o n   of  t h e  

s e r v o   mo to r .   The  s e r v o   motor   moves  the  f u e l   v a l v e   to  p o s i t -  
ion  i t   be tween   i t s   h i g h e s t   and  l o w e s t   f low  p o s i t i o n s   i n  

p r o p o r t i o n   to  the  p r e s s u r e   e r r o r   from  u n i t   1 3 .  

The  o u t p u t   of  s e n s o r   10'  is  d i f f e r e n c e d   at  13'  w i th   a n  

o n / o f f   s e t p o i n t   SP-ON/OFF  in  the   o n / o f f   c o n t r o l   pa th   to  p r o -  
duce  a  p r o p o r t i o n a l   e r r o r   s i g n a l   which   is  c o n v e r t e d   to  an  



o n / o f f   s w i t c h e d   s t a t e   by  a  h y s t e r e s i s   u n i t   18.  When  t h e  

e r r o r   from  13'  f a l l s   be low  a  p r e d e t e r m i n e d   make  l e v e l ,   t h e  

sys t em  s w i t c h e s   from  the  o f f   s t a t e   to  the  on  s t a t e .   When 
the  p r e s s u r e   r i s e s   to  a  h i g h e r   p r e d e t e r m i n e d   b r e a k   l e v e l ,  
the   h y s t e r e s i s   u n i t   18  s w i t c h e s   back  from  on  to  o f f .   The 
d i f f e r e n t i a l   b e t w e e n   the   make  l e v e l   and  the  b r e a k   l e v e l   o f  
the   h y s t e r e s i s   b l o c k   18  is  a n a l o g o u s   to  the  p r o p o r t i o n a l  
gain  in  the   p r o p o r t i o n a l   c o n t r o l   l o o p .  

The  p r o p o r t i o n a l   c o n t r o l   p l u s   o n / o f f   c o n t r o l   f u n c t i o n  

is  a  c o n v e n t i o n a l   sy s t em  to  d r i v e   the   s e q u e n c e r   20  to  i n  
t u r n   c o n t r o l   a  b u r n e r   in  an  o n / o f f   command  mode,  and  t h e n  
a l low  the  s y s t e m   to  m o d u l a t e   from  the   low  f i r e   p o s i t i o n   o f  
the  b u r n e r   to  the   h igh   f i r e   p o s i t i o n   of  the   b u r n e r .  

The  p r o p o r t i o n a l   c o n t r o l   s i g n a l   from  s e n s o r   10'  d r i v e s ,  
v i a   s e q u e n c e r   20,  an  o n / o f f   f u e l   v a l v e   22  in  a  f u e l   p a s s a g e  
23  t h a t   s u p p l i e s   f u e l   to  a  m o d u l a t i n g   f u e l   v a l v e   24  t h a t   i s  
c o n t r o l l e d   by  a  s e r v o   motor   26,  which   a l s o   d r i v e s   an  a i r  

damper  29  t h a t   s u p p l i e s   the   b u r n e r   a i r   for   the   f u e l   b u r n e r .  
The  o n / o f f   c o n t r o l   c i r c u i t   o p e r a t e s   the  s e q u e n c e r   means  20 

to  l i g h t   a  f lame  or  to  e x t i n g u i s h   i t .   The  s e q u e n c e r   m e a n s  
20  in  t u r n   c o o r d i n a t e s   the  p u r g e ,   l i g h t   up,  and  f i r e   s e q u -  
e n c i n g   of  the   b u r n e r   to  which   the   s y s t e m   is  c o n n e c t e d .   When 
the  p i l o t   l i g h t   of  the  b u r n e r   f o r   the   b o i l e r   is   p r o v e d ,   t h e  

s e q u e n c e r   20  opens   the  o n / o f f   f u e l   v a l v e   22.  Once  the   m a i n  
f lame  is  s a f e l y   e s t a b l i s h e d ,   the   s e q u e n c e r   20  p r o v i d e s   a  
p r o p o r t i o n a l   c o n t r o l   s i g n a l   from  the   p r o p o r t i o n a l   c o n t r o l  

c i r c u i t   17  to  the   s e r v o   motor   26,  which   in  t u r n   c o n t r o l s  

the  m o d u l a t i n g   f u e l   v a l v e   24  and  damper  29  to  p r o p e r l y   s u p p -  
ly  a i r   at  the   r a t e   c o n t r o l l e d   by  the   m o d u l a t i n g   f u e l   v a l v e  

2 4 .  

F i g u r e   2  is   an  o p e r a t i n g   g r a p h   f o r   the  c o n t r o l   s y s t e m  
of  F i g u r e   1.  The  v e r t i c a l  a x i s   is  the   commanded  f i r i n g  
r a t e   FR  o f   a  b u r n e r   w i th   the   h igh   f i r e   or  maximum  r a t e   HF, 
the  low  f i r e   or  l o w e s t   s u s t a i n a b l e   r a t e   LF,  and  the   o f f   o r  

s t a n d b y   r a t e   OFF  p o s i t i o n s   n o t e d .   The  h o r i z o n t a l   a x i s   ARP 

is   the   e r r o r   from  the  s e t p o i n t   in  p r e s s u r e   (or   t e m p e r a t u r e ,  



d e p e n d i n g   on  the  type   of  a p p l i c a t i o n   of  the   s y s t e m ) .   P o i n t  
31'  on  the  e r r o r   a x i s   is  the  make  p o i n t ;   the   p r e s s u r e   m u s t  
f a l l   to  t h i s   p o i n t   in  o r d e r   to  b e g i n   a  f i r i n g   c y c l e .   When 
t h i s   h a p p e n s ,   the  s e q u e n c e r   20  i n i t i a t e s   the  pu rge   and  s a f e  

l i g h t   up  p r o c e d u r e   fo r   the   a s s o c i a t e d   b u r n e r .   This  p r o -  
cedure   then   commands  the  h igh   f i r e   f u e l   and  c o m b u s t i o n   a i r -  
f low  to  the  b u r n e r .   As  p r e s s u r e   r i s e s   in  the  a s s o c i a t e d  

b o i l e r ,   the  h i g h e s t   f i r i n g   r a t e   is  r e a c h e d   at  p o i n t   31  a n d  
m a i n t a i n e d   u n t i l   a  p r e s s u r e   p o i n t   32  is   r e a c h e d .   As  t h e  

p r e s s u r e   r i s e s   above  the  p o i n t   32,  to  a  f u r t h e r   p o i n t   3 3 ,  
the  m o d u l a t i n g   or  s e r v o   motor   26  c l o s e s   the   m o d u l a t i n g   v a l v e  
24  and  r e d u c e s   the   a i r f l o w   at  damper  29.  This   o p e r a t i o n  
d r i v e s   the  f i r i n g   r a t e   from  a  h igh   f i r i n g   r a t e   down  to  a  
low  f i r i n g   r a t e   at  p o i n t   33.  If   the   p r e s s u r e   w i t h i n   t h e  
b o i l e r   c o n t i n u e s   to  r i s e   beyond  the  p o i n t   33,  a  p o i n t   34  i s  

r e a c h e d ,   c o r r e s p o n d i n g   to  a  b r e a k   or  o f f   p o i n t   34'  on  t h e  
e r r o r   a x i s   fo r   the   b u r n e r .   If   the   p r e s s u r e   r i s e s   above  t h e  

p o i n t   34,  the   f i r e   is  s h u t   o f f   and  the  p r e s s u r e   b e g i n s   d r o p -  

p ing   from  p o i n t   34'  t o w a r d s   the  make  p o i n t   31 ' .   If  t h e  

hea t   l oad   imposed   on  the  b o i l e r   r e q u i r e s   a  h i g h e r   f i r i n g  
r a t e   than   the  low  f i r e   p o s i t i o n ,   the   s y s t e m   w i l l   r ema in   i n  

the  m o d u l a t i n g   r ange   b e t w e e n   the  p o i n t s   32  and  33  and  w i l l  
not  c y c l e   in  an  on  and  o f f   f a s h i o n .   If   t he   h e a t   l oad   i m -  

posed   on  the  b o i l e r   is   l e s s   t han   the   low  f i r i n g   r a t e   comm- 
anded  for   the  s y s t e m ,   the   b o i l e r   must  c y c l e   in  an  on  a n d  

of f   f a s h i o n   s i n c e   the   f u e l   v a l v e   24  c a n n o t   be  c l o s e d   to  a  

f i r i n g   r a t e   lower   t h a n   the   low  f i r e   p o s i t i o n .  
With  t h i s   c o n t r o l   c o n f i g u r a t i o n ,   the   b o i l e r   w i l l   a l w a y s  

l i g h t   up  and  commence  f i r i n g   at  the   h i g h e s t   f i r i n g   r a t e   p o s -  
s i b l e   even  under   l i g h t   l oad   c o n d i t i o n s .   If   i t   w e r e . p o s s i b l e  
to  p r e v e n t   the  h igh   f i r i n g   r a t e   unde r   l i g h t   l oad   c o n d i t i o n s ,  

each  o n / o f f   c y c l e   would  be  l o n g e r ,   c a u s i n g   the   b o i l e r  o p -  

e r a t i o n   to  be  more  e f f i c i e n t .  -   This   e f f i c i e n c y   i m p r o v e m e n t  

comes  about   b e c a u s e   the   o n / o f f   c y c l i n g   l o s e s   e n e r g y   due  t o  
the  p r e p u r g e   and  p o s t p u r g e   o p e r a t i o n   of  the   s e q u e n c e r   20 

and  i t s   a s s o c i a t e d   b u r n e r .   If   the   h igh   f i r e   were  p r e v e n t e d ,  



t h e  b o i l e r   would  s t a y   on  f o r   a  l o n g e r   p e r i o d   of  t i m e ,   s e r v -  
i c i n g   a  g r e a t e r   l oad   b e t w e e n - e a c h   pu rge   c y c l e .   In  t h i s   way 
more  e n e r g y   would  be  d e l i v e r e d   pe r   u n i t   of  e n e r g y   l o s t   t o  
the  purge   p r o c e s s .   The  p r e s e n t   s y s t e m   p r e v e n t s   a  h igh   f i r e  

o p e r a t i o n   by  l o c k i n g   the   b o i l e r   in  the  low  f i r e   mode  a f t e r  

l i g h t i n g   up.  The  b u r n e r   must  r e m a i n   in  low  f i r e   for   a  p r e -  
d e t e r m i n e d   i n t e r v a l ,   and  the   d i r e c t i o n   of  change   of  p r e s s u r e  
wi th   r e s p e c t   to  t ime  is   m e a s u r e d .   If   the   p r e s s u r e   is   r i s i n g  
w h i l e   the  b u r n e r   is  l o c k e d   in  low  f i r e   i t   is  s a f e   to  c o n c l u d e  

t h a t   the  l oad   imposed   on  t he   b o i l e r   is  l e s s   t h a n  t h e   l ow  

f i r i n g   r a t e .   Under  t h e s e   c o n d i t i o n s   the   p r e s s u r e   w i l l   e v e n -  

t u a l l y   r i s e   to  a  b r e a k   p o i n t   and  f o r c e   the   b o i l e r   o f f .   T h u s ,  
i t   is  not   n e c e s s a r y   to  r e l e a s e   t he   b u r n e r   from  the   low  f i r -  

ing  r a t e   d u r i n g  t h e   c y c l e .   If   h o w e v e r ,   the   p r e s s u r e   i s . f a l l -  

ing  a f t e r   l i g h t   up  w i t h   the   b u r n e r   l o c k e d   in  t he   low  f i r i n g  

r a t e ,   then   the  l oad   on  the   b o i l e r   must  be  h i g h e r   t han   t h e  

low  f i r i n g   r a t e .   Under  t h e s e   c o n d i t i o n s   i t   w i l l   be  n e c e s s a r y  
t o  r e l e a s e   the   c o n t r o l   of  t he   b u r n e r   to  the  p r o p o r t i o n a l  

pa th   b e t w e e n   p o i n t s   32  and  33,  which   can  then   r a i s e   the  f i r -  

ing  r a t e   as  n e e d e d   to  match   the   l o a d .  

A t t e m p t s   have  been  made  in  the   p a s t   to  p r e v e n t   u n n e c -  

e s s a r y   h igh   f i r i n g   r a t e s   d u r i n g   c y c l i n g   o p e r a t i o n   t h r o u g h  
the   use  of  a  l o c k o u t   t i m e r .   The  t i m e r   p r e v e n t s   h i g h e r   t h a n  

low  f i r e   f i r i n g   r a t e s   f o r   a  f i x e d   t ime  i n t e r v a l   a f t e r   l i g h t -  

ing  up  of  the   b u r n e r .   The  d i f f i c u l t y   w i th   t h i s   is   t h a t   i f  

the   l oad   is   c l o s e   to  the   low  f i r e   f i r i n g   r a t e ,   a  r e l a t i v e l y  
s h o r t   l o c k o u t   t ime  is  i n s u f f i c i e n t   to  p r e v e n t   the   c o n t r o l  

sy s t em  from  commanding  h i g h e r   f i r i n g   r a t e s   a f t e r   the   t i m e r  

t imes   ou t ;   b u t ,   i f   the   l o c k o u t   i n t e r v a l   is  made  long   e n o u g h  
to  accommodate   even  very   long   on  p e r i o d s ,   the  r e s p o n s i v e n e s s  
of  the  c o n t r o l   s y s t e m   to  r a p i d l y   c h a n g i n g   l o a d s   is   comprom-  
i s e d .   That   i s ,   i f   the   b o i l e r   is   f o r c e d   to  r e m a i n   in  l o w  

f i r e   fo r   a  long  p e r i o d   of  t ime   and  the  l oad   r i s e s   a b r u p t l y  

d u r i n g   t h a t   i n t e r v a l ,   the   s y s t e m   w i l l   be  u n a b l e   to  r e s p o n d  
to  the  l o a d   i n c r e a s e ,   t h u s   c a u s i n g   a  s i g n i f i c a n t   drop  i n  

the  p r e s s u r e   from  the  c o n t r o l   p o i n t .   The  p r e s e n t   s y s t e m  



overcomes   t h i s   p r o b l e m   s i n c e   the  r a t e   of  change   of  p r e s s u r e  
is  m e a s u r e d   e s s e n t i a l l y   c o n t i n u o u s l y   and  the  b o i l e r   w i l l   b e  

r e l e a s e d   to  the  h igh   f i r i n g   r a t e   w h e n e v e r   the   p r e s s u r e   b e -  

g ins   to  f a l l .   In  t h i s   way,  a  r a p i d   i n c r e a s e   in  load  is  d e -  
t e c t e d   e s s e n t i a l l y   i n s t a n t a n e o u s l y   and  a  h i g h e r   f i r i n g   r a t e  
is  commanded  b e f o r e   a  s i g n i f i c a n t   p r e s s u r e   drop  o c c u r s .  

C o n v e n t i o n a l   b u r n e r   and  b o i l e r   c o n t r o l s   o p e r a t e   in  a n  

o n / o f f   c y c l i n g   mode  unde r   l i g h t   l o a d s   and  in  a  p r o p o r t i o n a l  
mode  at  h i g h e r   l o a d s .   When  the  b o i l e r   is  m o d u l a t i n g   in  t h e  

p r o p o r t i o n a l   c o n t r o l   mode,  the   b o i l e r   p r e s s u r e   r e m a i n s   s o m e -  
what  o f f s e t   from  the  s e t p o i n t   due  to  the  phenomenon  known 
as  p r o p o r t i o n a l   o f f s e t .   The  mechan i sm  which   c a u s e s   t h i s  
p r o b l e m   can  be  seen   in  F i g u r e   2.  When  the   load   is  h i g h ,   t h e  

p r e s s u r e   must  f a l l   t o w a r d   the  b e g i n n i n g   of  the  m o d u l a t i n g  

range   ( p o i n t   32)  to  c a u s e   the  f i r i n g   r a t e   to  be  i n c r e a s e d .  

When  the  load   is  low,  the   p r e s s u r e   r i s e s   t o w a r d s   the  p o i n t  
33,  which  r e d u c e s   the  f i r i n g   r a t e   and  c a u s e s   the  load  a n d  
the  f i r i n g   r a t e   to  come  in  b a l a n c e   w i th   each  o t h e r .   T h i s  
m i g r a t i o n   of  p r e s s u r e   w i t h   load   is  c a l l e d   the  p r o p o r t i o n a l  
o f f s e t .   The  gain  of  the   s y s t e m   d e t e r m i n e s   the   m a g n i t u d e   o f  

the  o f f s e t .   The  gain   of  the   s y s t e m   is  the   s l o p e   of  t h e  

f i r i n g   r a t e   v e r s u s   the   e r r o r   p l o t   on  F i g u r e   2.  This  is   t h e  

s l o p e   be tween   the  p o i n t s   32  and  33.  With  a  very   h igh   g a i n  
(a  s t e e p   s l o p e )   the   v a r i a t i o n   in  p r e s s u r e   r e q u i r e d   to  c a u s e  
a  l a r g e   change   in  f i r i n g   r a t e   is  s m a l l .   Hence,   the  o f f s e t  
in  the  p r e s s u r e   is  s m a l l .   This  h i g h e r   ga in   a l s o   l e a d s   t o  

i n s t a b i l i t y .   Thus,  w i t h   p r a c t i c a l   ga in   s e t t i n g s   the  p r e s s -  
ure  or  t e m p e r a t u r e   in  the   b o i l e r   is  h i g h e s t   unde r   l i g h t   l o a d s  

and  l o w e s t   unde r   h igh   l o a d s .   This   is  j u s t   o p p o s i t e   t h e  

d e s i r e d   c o n d i t i o n   fo r   maximum  e f f i c i e n c y   in  the   b o i l e r   o p -  
e r a t i o n .  

A  more  e f f i c i e n t   o p e r a t i n g   mode  would  be  to  have  h i g h e r  

s team  p r e s s u r e   or  h i g h e r   t e m p e r a t u r e   when  the  l o a d s   a r e  

h i g h e s t ,   and  a  lower   s t eam  p r e s s u r e   or  t e m p e r a t u r e   when  t h e  

loads   are   low.  In  t h i s   way  the  b o i l e r   i n t e r n a l   t e m p e r a t u r e  
w i l l   be  as  low  as  p o s s i b l e   under   each  l o a d i n g   c o n d i t i o n .  



To  see  how  m a i n t a i n i n g   the   l o w e s t   p o s s i b l e   t e m p e r a t u r e  
y i e l d s   the   h i g h e s t   o p e r a t i n g   e f f i c i e n c y ,   a  t y p i c a l   b o i l e r  
c o n s t r u c t i o n   s h o u l d   be  c o n s i d e r e d .   Fuel   is   b u r n e d   in  a  
chamber  c a l l e d   a  f i r e   box  g i v i n g   up  some  of  i t s   h e a t   to  t h e  

s u r r o u n d i n g   w a t e r .   The  c o m b u s t i o n   p r o d u c t s   pa s s   t h r o u g h   t h e  

b o i l e r ' s   h e a t   e x c h a n g e r   (which   is   made  up  of  a  number  o f  
smal l   t u b e s )   where   h e a t   is  removed,   b r i n g i n g   the   c o m b u s t i o n  

p r o d u c t s   downward  in  t e m p e r a t u r e   u n t i l   t hey   l e a v e   the  b o i l e r ;  

any  r e m a i n i n g   h e a t   is  l o s t   up  the  f l u e .   The  c o o l e r   t h e  

b o i l e r   w a t e r   t e m p e r a t u r e ,   the   lower   w i l l   be  the  t e m p e r a t u r e  
of  t h e  e x i s t i n g   c o m b u s t i o n   p r o d u c t s .   In  t h i s   way  the   l o w e r  

o p e r a t i n g   t e m p e r a t u r e   y i e l d s   h i g h e r   e f f i c i e n c y .  
In  most  a p p l i c a t i o n s ,   the   b o i l e r   s e t p o i n t   i s   h i g h e r   t h a n  

n e c e s s a r y   to  s e r v i c e   the   l o a d s .   The  hea t   from  the   c o n d e n s -  

i n g  s t e a m   is   t r a n s f e r r e d   to   the  end  use  v ia   a  h e a t   e x c h a n g e r .  
The  h e a t   e x c h a n g e r s   are  t y p i c a l l y   s i z e d   to  h a n d l e   the   l o a d  

on  the  s y s t e m   w i t h   a  r e a s o n a b l e   t e m p e r a t u r e   drop  from  t h e  

s team  t e m p e r a t u r e   to  the  end  use  l oad   t e m p e r a t u r e .   To  c o n -  
t r o l  t h e   r a t e   at  which  h e a t   is   d e l i v e r e d   to  the   l o a d ,   a  l o c -  
al  loop  c o n t r o l   is   o f t e n   emp loyed .   This   c o n t r o l   s e n s e s   t h e  

t e m p e r a t u r e   at   the   l oad   to  be  c o n t r o l l e d ,   and  a d j u s t s   t h e  

s t eam  f low  r a t e  t o   the  h e a t   e x c h a n g e r   to  m a i n t a i n   the   d e s i r e d  
c o n d i t i o n .   A  c o n t r o l   v a l v e   c a u s e s   the  s t eam  at  the   load   t o  

be  at  a  l ower   p r e s s u r e ,   and  h e n c e ,   a  lower   t e m p e r a t u r e   t h a n  

i t   was  g e n e r a t e d   at   in  the  b o i l e r .   Thus  at  l i g h t   l o a d s ,  
the  b o i l e r   t e m p e r a t u r e   is  o f t e n   h i g h e r   t han   the   a c t u a l   t e m -  

p e r a t u r e   at  which   h e a t   is  b e i n g   d e l i v e r e d   from  the   s t eam  a t  

the   l o a d .   Under  t h e s e   l i g h t   l o a d   c o n d i t i o n s ,   i t   would   b e  
d e s i r a b l e   to  r e d u c e   the  b o i l e r   s e t p o i n t ,   making   the   b o i l e r  

o p e r a t e   more  e f f i c i e n t l y   b e c a u s e   the   l o a d s   can  be  s a t i s f i e d  

wi th   lower   t e m p e r a t u r e   s t eam.   Under  h igh   load   c o n d i t i o n s ,  
i t   would  be  n e c e s s a r y   to  r a i s e   the   b o i l e r   s e t p o i n t   so  t h a t  

the  r e q u i r e d   t e m p e r a t u r e   drop  from  the  s t eam  to  the   end  l o a d  

is   a v a i l a b l e   at   the   h e a t   e x c h a n g e r   to  g u a r a n t e e   the   h i g h e r  
hea t   f low  r a t e s   r e q u i r e d .   The  p r e s e n t   s y s t e m   a d j u s t s   t h e  

b o i l e r   s e t p o i n t   a u t o m a t i c a l l y   w i t h   b o i l e r   l o a d .   The  key  t o  



t h i s   p r o c e s s   is  the  a b i l i t y   of  the   c o n t r o l l e r   to  s e n s e   t h e  
t o t a l   load   on  the  b o i l e r .  

THE  PRESENT  SYSTEM 
B e f o r e   d e s c r i b i n g   the  p r e s e n t   s y s t e m   in  d e t a i l ,   two  c o n -  

c e p t s   t h a t   are  u t i l i z e d   in  i t   w i l l   be  d i s c u s s e d   and  t h e i r  
o p e r a t i o n   d e s c r i b e d .  

B u r n e r s   for   b o i l e r s   o p e r a t e   in  two  modes.   There   is  a n  
o n / o f f   c y c l i n g   mode  and  a  m o d u l a t i n g   mode.  In  each  mode  o f  

o p e r a t i o n   the  p r e s e n t   sy s t em  is  ab l e   to  s e n s e   the  net   i m -  

posed  h e a t   load   on  the   b o i l e r ,   and  r e s e t   the  s e t p o i n t   of  t h e  

sys tem  a c c o r d i n g   to  the  l oad .   Under  l i g h t   l oad   c o n d i t i o n s ,  
when  the  b o i l e r   must  c y c l e   on  and  o f f ,   the   p r e s e n t   s y s t e m  
locks   the  f i r i n g   r a t e   at  i t s   l o w e s t   l e v e l .   Under  t h e s e  
c o n d i t i o n s ,   the  imposed   load   on  the  b o i l e r   can  be  d e t e r m i n e d  

by  t i m i n g   the  d u r a t i o n   of  the  on  and  o f f  c y c l e s .   The  r a t i o  
of  the  on  t ime  to  the  sum  of  the  on  and  o f f   t imes   is  e q u a l  
to  the  r a t i o   of  the  load   on  the  b o i l e r   to  the  b o i l e r ' s   c a p -  
a c i t y   w i th   the  b u r n e r   at  low  f i r e .   The  p r e s e n t   s y s t e m   ( i n  
c y c l i n g   o p e r a t i o n )   m e a s u r e s   the  h a l f   c y c l e   t i m e s   and  c o m p u -  
t e s   the  load   u s i n g   the  above  r e l a t i o n s h i p .   The  load   is  i n  
tu rn   used  to  r e s e t   the   s e t p o i n t   of  the  s y s t e m .   Manual  a d -  

j u s t m e n t   is  p o s s i b l e .   The  o p e r a t o r   can  p r e s c r i b e   a  s e t -  

p o i n t   to  be  a s s o c i a t e d   w i th   l oads   at  the   l o w e s t   f i r i n g   r a t e .  
The  o p e r a t o r   a l s o   can  a d j u s t   a  s e t p o i n t   a s s o c i a t e d   w i t h   t h e  

s t a n d b y   or  zero   load   c o n d i t i o n .   The  d e v i c e   a u t o m a t i c a l l y  
s e n s e s   the  m a g n i t u d e   of  the  load   b e t w e e n   the   ze ro   and  t h e  
low  f i r e   s e n s i n g   r a t e ,   and  a d j u s t s   the   s e t p o i n t   b e t w e e n   t h e  
two  manual   i n p u t   s e t p o i n t s .  

When  the  load   on  the  b o i l e r   is  g r e a t e r   t h a n  t h e   l o w  

f i r i n g   r a t e ,   o n / o f f   c y c l i n g   s h o u l d   not  o c c u r .   Under  t h e s e  

c o n d i t i o n s ,   the  p r e s e n t   s y s t e m   a d j u s t s   t h e  f i r i n g   r a t e   v i a  

the  c o n v e n t i o n a l   p r o p o r t i o n a l   c o n t r o l   p a t h   to  match   the   f i r -  

ing  r a t e   w i t h   the  imposed   l oad .   Under  s t e a d y   s t a t e  c o n d i t -  

i ons ,   the  p r o p o r t i o n a l   c o n t r o l   pa th   l e a v e s   a  p r o p o r t i o n a l  
o f f s e t   in  p r e s s u r e   b e t w e e n   the  s e n s e d   p r e s s u r e   and  the  d e -  

s i r e d   s e t p o i n t .   When  the  l oads   are  low,  the  o f f s e t   is  a l s o  



low.  When  the  l o a d s   are   h i g h e s t ,   the   p r o p o r t i o n a l   o f f s e t  
is  e q u a l   to  the  m o d u l a t i n g   r ange   of  the   c o n t r o l   s y s t e m .  
That  m o d u l a t i n g   r a n g e   is  the   d i s t a n c e   on the  p r e s s u r e   ax is   o f  
the  g raph   of  F i g u r e   1  b e t w e e n   the   p o i n t s   32'  and  33 ' .   I t  
is  we l l   u n d e r s t o o d   t h a t   a  s i m p l e   p r o p o r t i o n a l   c o n t r o l   d e -  
v i ce   can  b e  i m p r o v e d   w i th   the  a p p l i c a t i o n   of  a  t e c h n i q u e  

commonly  known  as  i n t e g r a l   a c t i o n .   With  t h i s   t e c h n i q u e   t h e  

s t e a d y   s t a t e   p r o p o r t i o n a l   o f f s e t   can  be  e l i m i n a t e d .  T h e  

t e c h n i q u e   is   to  pa s s   the   e r r o r   s i g n a l   in  the   p r o p o r t i o n a l  
c o n t r o l   p a t h   t h r o u g h   an  i n t e g r a t o r .   The  i n t e g r a t e d   p r e s s u r e  
e r r o r   s i g n a l   is   added  to  the   p r o p o r t i o n a l   c o n t r o l   s i g n a l .  
This  t e c h n i q u e   d r i v e s   the  s e n s e d   e r r o r   s i g n a l   to  zero   a s  
the  i n t e g r a l   of  the   e r r o r   s i g n a l   r i s e s   to  a  l e v e l   such  t h a t  
the  i n t e g r a l   o u t p u t   a l o n e   commands  the   r e q u i r e d   f i r i n g   r a t e  
to  m a i n t a i n   the  s e t p o i n t   w i t h o u t   o f f s e t .   In  e q u i l i b r i u m ,  
the  p r o p o r t i o n a l   c o n t r o l   has  ze ro   o u t p u t   and  the   i n t e g r a l  
c o n t r o l   d e t e r m i n e s   the   f i r i n g   r a t e .   The  i n t e g r a t o r   o u t p u t  
in  s t e a d y   s t a t e   is  e q u a l   to  the  p r o p o r t i o n a l   o f f s e t   t h a t  
would  have  o c c u r r e d   had  i n t e g r a l   a c t i o n   not  been  e m p l o y e d .  
In  t h i s   way  the   i n t e g r a l   o u t p u t   j u s t   c a n c e l s   the   p r o p o r t -  
i o n a l   o f f s e t .  

The  i n t e g r a l   o u t p u t   is  a l s o   a  m e a s u r e   of  the   l oad   on  
the  s y s t e m .   This   is  c r i t i c a l   to  the   p r e s e n t   s y s t e m ,   as  t h e  

i n t e g r a l   o u t p u t   is  u sed   in  the  p r e s e n t   s y s t e m   fo r   a  s p e c i f i c  
c o n t r o l   p u r p o s e .   The  r a t i o   of  i n t e g r a l   o u t p u t   to  the  m a g -  
n i t u d e   of  the   m o d u l a t i n g   r ange   is   e q u a l   to  the   l oad   i m p o s e d  

on  the  b o i l e r   d i v i d e d   by  the  d i f f e r e n c e   b e t w e e n   the   h i g h  

f i r i n g   r a t e   and  the   low  f i r i n g   r a t e .   Thus,  the   i n t e g r a l  

o u t p u t   i s   a  d i r e c t   m e a s u r e   of  where   the   l o a d   l e v e l   is  r e l -  

a t i v e   to  the   h i g h e s t   and  l o w e s t   f i r i n g   r a t e s .   Thus,   t h e  

i n t e g r a l   o u t p u t   can  be  used   to  r e s e t   the   s e t p o i n t   of  t h e  

c o n t r o l   s y s t e m   when  i t   is  o p e r a t i n g   in  t h e   m o d u l a t i n g   mode.  

F i g u r e   3  i s   a  b l o c k   d i a g r a m   of  the  p r e s e n t   s y s t e m .  

Steam  p r e s s u r e   PR  is   a p p l i e d   to  a  s e n s o r   41  which   f e e d s   a  

d i f f e r e n c i n g   means  43  a l s o   fed  wi th   a  s i g n a l   PSET,  from  a  

s e t p o i n t   means  44,  which  is  a  m o d i f i e d   s e t p o i n t   fo r   t h e  



sys tem.   The  o u t p u t   of  the  d i f f e r e n c i n g   means  43  is  a  s i g -  
nal  EP  which  is  the  p r e l i m i n a r y   e r r o r   s i g n a l   fo r   the  s y s t e m .  
This  s i g n a l   EP  is  fed  to  an  e r r o r   s i g n a l   p r o c e s s i n g   m e a n s  
50,  and  a l s o   to  an  o n / o f f   e r r o r   d e t e c t i o n   means  51.  The  c i r -  

c u i t r y   50  g e n e r a t e s   a  p r o p o r t i o n a l   s i g n a l   in  the   s y s t e m ,  
whi le   the  c i r c u i t r y   51  p r o v i d e s   an  o n / o f f   s w i t c h i n g   a c t i o n .  

In  the  c i r c u i t r y   50,  s i g n a l   EP  is  fed   to  a  ga in   e l e m e n t  

52,  which  can  be  of  any  t y p e ,   and  t y p i c a l l y   would  be  a d j u s t -  
able   to  make  the  sy s t em  a p p l i c a b l e   to  d i f f e r e n t   t y p e s   of  c o n -  
d i t i o n   c o n t r o l   s y s t e m s .   E lemen t   52  f e e d s   a  s i g n a l   l i m i t e r  
54  t h a t   l i m i t s   the  p r e l i m i n a r y   e r r o r   s i g n a l   EP  to  a  r a n g e  
of  be tween   -1  and  +1.  The  l i m i t e r   54  f e e d s   a  f u r t h e r   g a i n  
e l e m e n t   56  which  in  t u r n   f e e d s   an  i n t e g r a t o r   57  the   o u t p u t  
of  which  is  l i m i t e d   by  a  l i m i t e r   60  to  a  s i g n a l   I  w i t h i n   a  

range  of  0  to  +1 .  
A  summer  62  sums  the  o u t p u t s   o f  l i m i t e r s   54  and  6 0 ,  

and  i t s   o u t p u t   is  in  t u r n   l i m i t e d   by  a  l i m i t e r   63  to  a  r a n g e  
of  0  to  +1.  The  o u t p u t   of  l i m i t e r   63  is   fed  v i a  a   ga t e   65 

to  a  c o n v e r t e r   67  which  c o n v e r t s   the   s i g n a l   to  a  v a r y i n g  
r e s i s t a n c e   v a l u e   which  d r i v e s   a  s e q u e n c e r   71.  Thus  c o n t r o l  

is  of  a  m o d u l a t i n g   or  p r o p o r t i o n a l   t y p e .   The  s e q u e n c e r   71 

c o n t r o l s   the  s e r v o  m o t o r   26  of  F i g u r e   1.  A  t y p i c a l   b u r n e r  
c o n t r o l   s y s t e m   has  a  f lame  d e t e c t o r   73  to  s u p p l y   i n f o r m a t i o n  

back  to  the  s e q u e n c e r   71,  which  is  a l s o   fed  w i th   a  s i g n a l  

LS,  which  is  an  o n / o f f   type   of  command.  

The  s e t p o i n t   means  44  has  two  d i f f e r e n t   o p e r a t i n g   modes  

and  is  fed  by  a d j u s t a b l e   i n p u t   means  83,  84.  The  a d j u s t a b l e  

or  manual  i n p u t   means  PH  is  used   to  s e t   the   o p e r a t i n g   p r e -  
s s u r e   fo r   the  d e v i c e   at  i t s   h i g h e s t   f i r e   r a t e .   The  m a n u a l  

i n p u t   a d j u s t i n g   means  PL  is  used   to  e s t a b l i s h   the  p r e s s u r e  
at  the  low  f i r e   r a t e .   A  t h i r d   manual   s e t p o i n t   i n p u t   POFF 

is  p r o v i d e d   to  se t   the  o f f   p o s i t i o n   or  q u i e s c e n t   n o r m a l  

s t a t e   for   the  b o i l e r   when  i t   is  not  s u p p l y i n g   a  l o a d ,   b u t  

when  i t   is  r eady   to  be  a c t i v a t e d .   All  the   s e t p o i n t   m e a n s  

PH,  PL  and  POFF  can  be  combined   at  83  i n t o   a  s i n g l e   s e t p o i n t  
member  t h a t   is  c o n t r o l l e d   by  knob  84  t h a t   s e t s   a l l   t h r e e  



e l e m e n t s   i n t o   the  s e t p o i n t   m e a n s  4 4   at  the  same  t ime .   The 
t h r e e   s e t p o i n t   v a l u e s   are  a l l   d e f i n i t e   p r e s s u r e   l e v e l s   t h a t  
must  be  s e t   i n t o   the  s y s t e m   fo r   i t s   p r o p e r   o p e r a t i o n .   The 

s e t p o i n t   m e a n s  4 4   s e t s   the  s e t p o i n t   p r e s s u r e   PSET  in  d e p e n -  
dence  on  the  l o g i c   l e v e l   of  s i g n a l   LS,  t h u s :  

PSET  =  PL  +  (PH  -   PL)I  i f   LS  =  0 .  
=  POFF  +  ( P L  -   POFF)PON  i f   LS  =  1 .  

The  s e n s o r   41  a l s o   f e e d s   a  l o a d   r e s p o n s i v e   c i r c u i t   86 
which  p e r f o r m s   two  s u c c e s s i v e   f u n c t i o n s .   The  f i r s t   f u n c t i o n  
is  to  s e n s e   the   p r e s s u r e   from  the  s e n s o r   41  and  d e t e r m i n e  
w h e t h e r   the   p r e s s u r e   is  r i s i n g   or  f a l l i n g .   This   p r e s s u r e  
d i r e c t i o n   s e n s i n g   is   a c c o m p l i s h e d   at  87  by  a  d i f f e r e n t i a t i o n  
of  the  s i g n a l   or  by  a  s i m p l e   c o m p a r i s o n   of  s h o r t   t ime  i n t e r -  
va l s   to  d e t e r m i n e   w h e t h e r   the  p r e s s u r e   is  r i s i n g   or  f a l l i n g .  
The  s e c o n d   f u n c t i o n   is   to  p r o v i d e   at  88  a  t ime  d e l a y ,   w h i c h  

is  n e c e s s a r y   to  p r e v e n t   the  s y s t e m   from  i m p r o p e r l y   r e s p o n d -  

ing  d u r i n g   t r a n s i e n t   c o n d i t i o n s ,   such  as  the  s t a r t u p   of  t h e  

b u r n e r   when  the   p r e s s u r e   in  t he   b o i l e r   migh t   not   be  r e s p o n d -  

ing  d i r e c t l y   to  the   a c t i o n   of  the   b u r n e r   a p p l i e d   to  t h e  
b o i l e r .   The  l o a d   r e s p o n s i v e   c i r c u i t   86  p r o d u c e s   the  l i m i t  

s w i t c h   s i g n a l   LS  which   is  fed   to  t h r e e   u n i t s :   the   g a t e   6 5 ,  

t h e r e b y   d e t e r m i n i n g   w h e t h e r   or  not   the   s e q u e n c e r   command 

s i g n a l   is   to  p a s s   from  63  to  67;  the   s e t p o i n t   means  44;  a n d  

a  make  to  b r e a k   d i f f e r e n t i a l   d e v i c e   94.  The  l i m i t   s w i t c h  

s i g n a l   LS  is  a  l o g i c   s i g n a l   1  when  t h e . s y s t e m   is  l o c k e d   o r  

o p e r a t i n g   in  the  low  f i r e   c o n d i t i o n ,   and  0  when  the  s y s t e m  
is  o p e r a t i n g   in  a  m o d u l a t i n g   manne r .   Thus  t h e  l i m i t   s w i t c h  

s i g n a l   LS  d e t e r m i n e s   which  of  the  two  modes  of  o p e r a t i o n  
the  s y s t e m   o p e r a t e s   i n .  

The  make  to  b r e a k   d i f f e r e n t i a l   means  94  has  a  m a n u a l  

i n p u t   95  t h a t   e s t a b l i s h e s   a  manual   make  to  b r e a k   d i f f e r e n t -  

i a l .   The  o u t p u t   s i g n a l   is  e q u a l   to  the   manual   i n p u t   i f  

s i g n a l   LS  is  1,  and  is  only   40%  of  the  manual   i n p u t   i f   s i g -  

na l   LS  is   0.  This   r e s u l t s   in  more  s t a b l e   o p e r a t i o n ,   as  w i l l  

be  e x p l a i n e d   l a t e r .   The  make  to  b r e a k   d i f f e r e n t i a l   m e a n s  

94  f e e d s   the  o n / o f f   e r r o r   d e t e c t i o n   means  51  and  e s t a b l i s h e s  



the  m a g n i t u d e   of  the  s i g n a l   from  u n i t  4 3   at  which  the  o n / o f f  
e r r o r   d e t e c t i o n   means  51  w i l l   s w i t c h   i t s   o u t p u t .   This  o u t -  

put  is  c o u p l e d   d i r e c t l y   (or   v ia   the  s e q u e n c e r   71)  to  t h e  
load  r e s p o n s i v e   c i r c u i t   86  as  an  o n / o f f   command,  the  p u r p o s e  
of  which  w i l l   be  e x p l a i n e d   l a t e r .  

The  s y s t e m   is  c o m p l e t e d   by  a  c y c l e   t i m e r   100  fed  f r o m  
the  s e q u e n c e r   71  and  f e e d i n g   a  s i g n a l   PON  to  the  s e t p o i n t  
means  44.  The  c y c l e   t i m e r   d e t e r m i n e s   the  s i g n a l   PON  as  t h e  
time  on  d i v i d e d   by  the  t ime  on  p l u s   the  t ime  o f f ,   i . e .  
TON/(TON+TOFF).  Th i s ,   in  e f f e c t ,   t e l l s   the   s e t p o i n t   m e a n s  
44  the  f r a c t i o n   of  on  t ime  in  the   p r e v i o u s   c o m p l e t e   o n / o f f  

c y c l e .  
The  s e t p o i n t   means  44  has  two  d i f f e r e n t   o p e r a t i n g   modes  

t h a t   are  e s t a b l i s h e d   by  the   l i m i t   s i g n a l   LS.  If   LS  is   0 ,  
then  the  o u t p u t   of  s e t p o i n t   means  PSET  is  a  f u n c t i o n   of  t h e  
manual  s e t p o i n t s   PH  and  PL  a l o n g   w i th   the  i n t e g r a t e d   s i g n a l  
I.  If  LS  is  1,  then  the  s e t p o i n t   o u t p u t   PSET  is  a  f u n c t i o n  
of  the  manual   s e t p o i n t s   PL  and  POFF,  a l ong   wi th   the  c y c l e  
t i m e r   100  s i g n a l   PON.  These  two  modes  of  o p e r a t i o n   are  t h e  

crux  of  the  p r o p e r   o p e r a t i o n   of  the  p r e s e n t   s y s t e m   and  p r o -  
v ide   a  s e t p o i n t   s h i f t i n g   s i g n a l   PSET  t h a t   is  d i f f e r e n c e d  
wi th   the  p r e s s u r e   s i g n a l   from  s e n s o r   4 1 .  
OPERATION 

A  s i g n a l   can  be  d e s c r i b e d   as  f l o w i n g   t h r o u g h   the  s y s t e m .  
The  o u t p u t   of  s e n s o r   41  is  d i f f e r e n c e d   at  43  w i th   the  s e t -  

p o i n t   PSET  to  g ive   the  p r e l i m i n a r y   e r r o r   s i g n a l   EP.  T h i s  

p a s s e s   t h r o u g h   the  ga in   e l e m e n t   52  and  is  l i m i t e d   at  54  t o  

a  range   of  -1  and  +1.  A  s i g n a l   of  0  is  e q u i v a l e n t   to  a  l ow  

f i r e  f i r i n g   r a t e   for   a  b u r n e r ,   w h i l e   a  s i g n a l   l e v e l   of  1  i s  
the  h i g h e s t   f i l e  f i r i n g   r a t e .   Thus,  the   p r o p o r t i o n a l   e r r o r  

from  l i m i t e r   54  can  command  the  h i g h e s t   f i r i n g   r a t e   e v e n  

wi th   the  o u t p u t   of  the   i n t e g r a l   a c t i o n   p r o v i d i n g   an  i n t e g r a l  

s i g n a l   I  of  0.  S i m i l a r l y ,   a  s u f f i c i e n t l y   l a r g e   n e g a t i v e  

p r o p o r t i o n a l   e r r o r   can  c o m p l e t e l y   c a n c e l   the  i n t e g r a t o r  

o u t p u t .  
The  o u t p u t   of  l i m i t e r   54  is  fed  to  summer  62  and  a l s o  



e n t e r s   the  i n t e g r a t o r   57  to  p r o v i d e   an  i n t e g r a l   a c t i o n .  
The  o u t p u t   of  the   i n t e g r a t o r   57  is  l i m i t e d   at  60  to  a  r a n g e  
of  0  to  1.  The  l i m i t e d   i n t e g r a l   o u t p u t   I  is  added  to  t h e  

p r o p o r t i o n a l   e r r o r   from  l i m i t e r   54  by  the   summer  62  to  p r o -  
v ide   an  a c t u a t o r   command  which  is  l i m i t e d   at  63  to  a  r a n g e  
of  0  to  1  and  then   p a s s e s   t h r o u g h   g a t e   65.  If   the  l i m i t  

s i g n a l   LS  is  h igh   ( l o g i c   1),  the   o u t p u t   o f  g a t e   65  is  0 ,  
l o c k i n g   the   b u r n e r   f o r   the   b o i l e r   in  the   low  f i r e   c o n d i t i o n  

d u r i n g  o n / o f f   c y c l i n g .   This  f u n c t i o n   is   a  d e r i v a t i v e   a c t i o n  

as  the   l i m i t   s i g n a l   LS  is  c o n t r o l l e d   by  the   r a t e   of  c h a n g e  
of  p r e s s u r e   as  d e s c r i b e d   e a r l i e r .   When  the  l i m i t   s i g n a l   LS 
is  o f f   ( l o g i c   1),   t he   a c t u a t o r   command  s i g n a l   p a s s e s   u n -  
changed   t h r o u g h   g a t e   65,  and  is   c o n v e r t e d   at  67  i n t o   a n  

o u t p u t   s i g n a l   t h a t   is  c a p a b l e   of  d r i v i n g   a  s e r v o   motor   v i a  
the  s e q u e n c e r   71.  The  s e q u e n c e r   71  p a s s e s   t h i s   s i g n a l   u n -  
changed   to  the  s e r v o   motor   a f t e r   i t   has   s a f e l y   i g n i t e d   t h e  
main  b u r n e r   f l a m e .  

The  s i g n a l   I  is  a l s o   fed  to  the   s e t p o i n t   means  44.  I f  

t h e  l i m i t   s i g n a l   LS  is   0,  i n d i c a t i n g   p r o p o r t i o n a l   o p e r a t i o n ,  
the   s e t p o i n t   means  4 4  f u n c t i o n s   a c c o r d i n g   to  the  f o r m u l a  

g iven   above ,   to  a d j u s t   PSET  to  the   low  f i r e   v a l u e   PL  when  

the   i n t e g r a t o r   o u t p u t   is   0  i n d i c a t i n g   low  l o a d s .   When  t h e  

i n t e g r a t o r   o u t p u t   is   1,  PSET  r e p r e s e n t s   the  need  for   a  h i g h  
f i r e   s e t t i n g   PH.  When  the  l o a d s   r a n g e   b e t w e e n   the  h igh   a n d  

the  low  f i r e   o p e r a t i n g   p o i n t s ,   PSET  is  l i n e a r l y   a d j u s t e d  
a u t o m a t i c a l l y   b e t w e e n   the  m a n u a l l y   i n p u t t e d   v a l u e s   h i g h  
f i r e   a n d  l o w   f i r e   s e t t i n g s .   In  t h i s   way  the  d e v i c e   can  b e  

a d j u s t e d   to  a u t o m a t i c a l l y   r a i s e   and  l ower   the  s e t p o i n t   w i t h  

l oad .   The  h igh  f i r e   and  low  f i r e   s e t p o i n t s   can  be  d e t e r -  

mined  b y  t r i a l   and  e r r o r   at  the   a c t u a l   i n s t a l l a t i o n   o f  t h e  

b u r n e r   and  b o i l e r .   The  h i g h e s t   e f f i c i e n c y   is  o b t a i n e d  
when  bo th   v a l u e s   a re   a d j u s t e d   as  low  as  is   p r a c t i c a l   s u b -  

j e c t   to  the  r e q u i r e m e n t   of  s a t i s f y i n g   the   end  use  of  l o a d s .  
The  p r e l i m i n a r y   e r r o r   s i g n a l   EP  is   a l s o   c o n v e r t e d   t o  

an  o n / o f f   d i g i t a l   command  in  the   o n / o f f   e r r o r   d e t e c t i o n  

means  51.  When  the  s e n s e d   p r e s s u r e   f a l l s   to  a  p r e d e t e r m i n e d  



l e v e l   below  the  s e t p o i n t ,   the   o u t p u t   of  the   o n / o f f   e r r o r  
d e t e c t o r   means  51  s w i t c h e s   from  o f f   to  on.  When  EP  r i s e s  
to  a n o t h e r   p r e d e t e r m i n e d   l e v e l   above  the  s e t p o i n t ,   the  o u t -  

put  s w i t c h e s   back  from  on  to  o f f .   The  o n / o f f   command  p a s s e s  
from  the  o n / o f f   e r r o r   d e t e c t i o n   means  51  to  the  s e q u e n c e r  
71  to  a l l o w   fo r   normal   s t a r t u p   of  a  b u r n e r   as  c o n t r o l l e d  

by  the  s e q u e n c e r   71.  At  the  same  t ime  the   o n / o f f   command 
c o n t r o l s   the  load   r e s p o n s i v e   means  86  to  he lp   d e t e r m i n e   t h e  
l i m i t   s i g n a l   LS.  

The  s e n s o r   41  a l s o   f e e d s   the  load   r e s p o n s i v e   means  8 6 ,  
which  d e t e r m i n e s   the  s i g n   of  the   t ime  r a t e   of  change   o f  

p r e s s u r e   ( t h a t   i s ,   d e t e r m i n e s   w h e t h e r   the  p r e s s u r e   is  r i s i n g  

or  f a l l i n g ) .   Whenever   the  o n / o f f   command  s i g n a l   from  u n i t  
51  s w i t c h e s   from  on  to  o f f ,   the   l i m i t   s i g n a l   LS  is  s e t   to  1 .  

That  i s ,   w h e n e v e r   the  b u r n e r   is   t u r n e d   o f f ,   i t   is  a s s u m e d  
to  be  in  the  c y c l i n g   mode  of  o p e r a t i o n   and  the   f i r i n g   r a t e  
is  l o c k e d   to  the  low  f i r e   p o s i t i o n   w h e n e v e r   the   b o i l e r   a n d  

i t s   a s s o c i a t e d   b u r n e r   r e s t a r t .   When  the  b o i l e r   is  t u r n e d  

back  on  a g a i n   and  b e g i n s   f i r i n g ,   the   l i m i t   s i g n a l   LS  w i l l  

be  se t   back  to  a  0  i f   the  p r e s s u r e   f a l l s ,   i n d i c a t i n g   t h e  
load  has  r i s e n   above  the  l o w e s t   f i r i n g   r a t e .   The  f a c t   t h a t  
the  p r e s s u r e   is  f a l l i n g   is  not   m e a n i n g f u l   u n t i l   the   f i r e  
has  s u c c e s s f u l l y   i g n i t e d   and  c o m b u s t i o n   has  been  u n d e r w a y  
for   an  i n t e r v a l   s u f f i c i e n t l y   long   to  y i e l d   a  good  m e a s u r e  
of  the  r a t e   of  change  of  p r e s s u r e   in  the  b o i l e r .   T y p i c a l l y  
t h i s   t a k e s   60  to  120  s  a f t e r   the   f i r i n g   is  i n i t i a t e d .   The  
t i m e r   88  w i t h i n   the  means  86  m a i n t a i n s   the   l i m i t   s i g n a l   LS 

in  the  h igh   f i r e   s t a t e   i n d e p e n d e n t   of  the  r a t e   of  change  o f  

p r e s s u r e   u n t i l   the  n e c e s s a r y   t ime  d e l a y   i n t e r v a l   has  p a s s e d .  
This  a s s u r e s   t h a t   the  s t a r t u p   t r a n s i e n t s   w i l l   be  e x c l u d e d  

from  c o n t r o l l i n g  t h e  s y s t e m .   From  then   on,  t he   l i m i t   s i g -  
nal   LS  r e m a i n s   h igh  as  long   as  the   p r e s s u r e   is  r i s i n g .   When-  

ever   the  p r e s s u r e   f a l l s , - t h e   l i m i t  s i g n a l  L S  i s  s e t  t o   0 

and  the  m o d u l a t i n g   o p e r a t i o n   of  the  sy s t em  is  a l l o w e d .   The 

l i m i t   s w i t c h   s i g n a l   LS  can  only   be  r e s e t   back  to  a  1  i f  

the  b o i l e r   is  t u r n e d   of f   a g a i n .  



In  the  s e t p o i n t   means  44,  a  d i f f e r e n t  s e t p o i n t   r e l a t -  

i o n s h i p   is  u t i l i z e d   when  the  l i m i t   s i g n a l   LS  is   1.  U n d e r  

t h e s e   c o n d i t i o n s ,   the   b u r n e r   is  c y c l i n g   on  and  o f f   w i th   t h e  

f i r i n g   r a t e   l o c k e d   in  i t s   l o w e s t   p o s i t i o n .   In  t h i s   c a s e ,  
the  f o r m u l a   is  d r i v e n   by  the  f r a c t i o n   on  t ime  s i g n a l   PON. 

The  f r a c t i o n   on  t ime  s i g n a l   comes  from  the  c y c l e   t i m e r   1 0 0 ,  
which  m e a s u r e s   the   t ime  t h a t   t he   f i r e   is  on  and  the  t i m e  

the  f i r e   is  o f f   d u r i n g   each  c y c l e .   The  s e q u e n c e r   17  f e e d s  

back  a  d i g i t a l   s i g n a l   i n d i c a t i n g   t h a t   the   f i r e   has  s u c c e s s -  
f u l l y   l i t   up  to  c o n t r o l   the   c y c l e   t i m e r   100.  The  f r a c t i o n  

on  s i g n a l   PON  is   the   on  t ime  d i v i d e d   by  the   sum  of  the   o n  
and  o f f   t imes   of  the   p r e v i o u s   c y c l e .   D u r i n g   c y c l i n g   o p e r -  
a t i o n ,   the   on  and  o f f   t ime   i n t e r v a l s   u t i l i z e d   in  the   c y c l e  
t i m e r   100  u t i l i z e   i n f o r m a t i o n   s t o r e d   from  the  most  r e c e n t  

c y c l e .   Each  t ime  a  s w i t c h i n g   e v e n t   from  on  to  o f f   or  f r o m  

of f   to  on  o c c u r s ,   t he   a p p r o p r i a t e   t ime  v a l u e   is   u p d a t e d .  
When  the   l i m i t   s i g n a l   LS  is  1  the   p r e s s u r e   s e t p o i n t  

PSET  is  e q u a l   to  the   d e s i r e d   s t a n d b y   p r e s s u r e   POFF  p l u s   t h e  

d i f f e r e n c e   b e t w e e n   the   d e s i r e d   low  f i r e   s e t p o i n t   PL  m i n u s  

the  d e s i r e d   s t a n d b y   s e t p o i n t   POFF  m u l t i p l i e d   by  the   f r a c t i o n  

on  s i g n a l   PON.  The  s t a n d b y   p r e s s u r e   is  the   d e s i r e d   c o n d i t -  

ion  when  the  l oad   has  f a l l e n   to  z e r o .   This   would  be  t h e  

hot   s t a n d b y   c o n d i t i o n   of  the   b o i l e r .   When  the  f r a c t i o n   o n  
s i g n a l   i s   0,  the   s e t p o i n t   is  the   s t a n d b y   s e t p o i n t .   When 

the  f r a c t i o n   on  s i g n a l   r i s e s   to  1,  the   low  f i r e   s e t p o i n t   i s  

u t i l i z e d .   The  s e t p o i n t   means  44  a u t o m a t i c a l l y   a d j u s t   t h e  

s e t p o i n t   be tween   t h e s e   m a n u a l l y   i n p u t t e d   l e v e l s   w i th   l o a d  

v a r i a t i o n .   In  t h i s   way  the   s e t p o i n t   of  the   s y s t e m   is  a u t o -  

m a t i c a l l y   a d j u s t e d   w i t h   load   to  i t s   minimum  a l l o w a b l e   v a l u e  

d u r i n g  t h e   m o d u l a t i n g   o p e r a t i o n   ( w i t h   the  l i m i t  s i g n a l  L S   a t  

0)  and  the  c y c l i n g   o p e r a t i o n   ( w i t h  t h e  l i m i t   s i g n a l   LS  at   1 ) .  
The  l i m i t   s i g n a l   LS  a l s o  c o n t r o l s  t h - e - m a k e   to  b r e a k  

d i f f e r e n t i a l  m e a n s  9 4 ,  w h i c h  d e t e r m i n e s   the  p r e s s u r e   l e v e l  
at  which  the   o n / o f f   command  s i g n a l   is   s w i t c h e d .   When  t h e  
b u r n e r   is  in  the  c y c l i n g   mode  the   make  to  b r e a k   d i f f e r e n -  
t i a l   MTBD  is  l e f t   at  the   l e v e l   of  the   manual   i n p u t   to  t h e  



sys t em.   The  o p e r a t o r   can  a d j u s t   the  make  to  b r e a k   d i f f e r -  
e n t i a l   to  c o n s t r a i n   the  a m p l i t u d e   of  p r e s s u r e   v a r i a t i o n s  

d u r i n g   the  o n / o f f   c y c l i n g .   When  the  make  to  b r e a k   d i f f e r -  
e n t i a l   is  s m a l l ,   the  b o i l e r   c y c l e s   r a p i d l y   b e t w e e n   the  h i g h -  
es t   and  l o w e s t   p r e s s u r e   l e v e l s .   When  the  make  to  b r e a k  

d i f f e r e n t i a l   is  l a r g e r   the  b o i l e r   c y c l e s   m o r e  s l o w l y   w i t h  

a  l a r g e   p r e s s u r e   a m p l i t u d e .   When  f a s t e r   c y c l i n g   o c c u r s ,  
g r e a t e r   c y c l i n g   l o s s e s   and  l e s s   e f f i c i e n c y   o c c u r .   S l o w e r  

c y c l i n g   is  more  e f f i c i e n t   but   the   p r e s s u r e   a m p l i t u d e   i s  

g r e a t e r .   The  o p e r a t o r   can  d e t e r m i n e   the  a c c e p t a b l e   l e v e l   o f  

c y c l i n g .   We  have  found  t h a t   i t   is  d e s i r a b l e   to  use  a  l a r g e r  
make  to  b r e a k   d i f f e r e n t i a l   when  the   b o i l e r   is  o p e r a t i n g   i n  

a  m o d u l a t i n g   made  ( t h a t   is  w i t h   the   l i m i t   s i g n a l   LS  at  0 ) .  

Dur ing   m o d u l a t i n g   o p e r a t i o n   the   s e n s e d   p r e s s u r e   w i l l   r e m a i n  

near   the  s e t p o i n t   v a l u e   as  l ong   as  the  l o a d s   r e m a i n   r e l a t -  

i v e l y   s t e a d y .   As  the  l oad   c h a n g e s   a b r u p t l y ,   t he   p r e s s u r e  
w i l l   d r i f t   o f f   of  the   s e t p o i n t   u n t i l   the  c o n t r o l   sy s t em  c a n  
a d j u s t   the   f i r i n g   r a t e   and  r e e s t a b l i s h   e q u i l i b r i u m   c o n d i t -  

i ons .   If   t h e  b r e a k   l e v e l   is   too  c l o s e   to  the  s e t p o i n t   d u r -  

i n g  m o d u l a t i n g   o p e r a t i o n s ,   an  a b r u p t   l oad   drop  of  a  f ew  

p e r c e n t   can  cause   p r e s s u r e   to  r i s e   to  the  b r e a k   l e v e l   b e f o r e  

the  p r o p o r t i o n a l   c o n t r o l   loop  can  r e a d j u s t   the  f i r i n g   r a t e .  
Under  t h e s e   c o n d i t i o n s   u n n e c e s s a r y   o n / o f f   c y c l i n g   can  o c c u r .  
To  p r e v e n t   t h i s ,   the   make  to  b r e a k   means  94  is   o p e r a b l e  
wi th   two  r a n g e s   and  is  o p e r a t e d   in  the  e x p a n d e d   r ange   d u r -  

ing  the  m o d u l a t i n g   o p e r a t i o n   so  t h a t   the   p r e s s u r e   must  r i s e  

s i g n i f i c a n t l y   above  the   s e t p o i n t   to  s w i t c h   o f f   the   b u r n e r .  

This  e l i m i n a t e s   u n n e c e s s a r y   c y c l i n g ,   and  i m p r o v e s   s t a b i l i t y  
and  t h e r e b y   s a v e s   e n e r g y .  

The  p r e s e n t   s y s t e m   u t i l i z e s   two  i n t e r r e l a t e d   c o n c e p t s .  
The  f i r s t   is   the  d e r i v a t i v e   a c t i o n   t e c h n i q u e   which   l i m i t s  

the  f i r i n g   r a t e   to  i t s   l o w e s t   l e v e l   d u r i n g   o n / o f f   c y c l i n g .  
The  l i m i t   s i g n a l   o u t p u t   a l s o   i n d i c a t e s   w h e t h e r   the   b o i l e r  

is  in  the  c y c l i n g   mode  or  the   m o d u l a t i n g   mode  of  o p e r a t i o n .  
This  i n f o r m a t i o n   is  n e c e s s a r y   to  u t i l i z e   the   f r a c t i o n   on 

or  the  i n t e g r a t o r   o u t p u t   as  a  measu re   of  load   on  the  s y s t e m .  



With  t h i s   m e a s u r e m e n t   of  l o a d ,   i t   is   p o s s i b l e   to  r e s e t   t h e  

s e t p o i n t   means  44  t h e r e b y   m a i n t a i n i n g   the  l o w e s t   p o s s i b l e  

t e m p e r a t u r e   and  hence   h i g h e s t   e f f i c i e n c y   o p e r a t i o n   p o s s i b l e  
under   v a r y i n g   l o a d   c o n d i t i o n s .   The  r e s e t   c o n c e p t   must  i n -  
c l u d e   some  type   of  l oad   r e s p o n s i v e   means  to  d e t e r m i n e   t h e  
d i r e c t i o n   t h a t   the   t e m p e r a t u r e   or  p r e s s u r e   is  v a r y i n g .  
MICROCOMPUTER  VERSION 

An  e q u i v a l e n t   of  the   F i g u r e   3  s y s t e m   can  r e a d i l y   b e  

p r o v i d e d   by  a  m i c r o c o m p u t e r ,   w i t h   a l l   of  i t s   f u n c t i o n s  b e i n g  
e n t e r e d   in  the  p r o g r a m .   The  r e s u l t i n g   s y s t e m   is   a  s i n g l e  

i n p u t ,   dua l   o u t p u t   c o n t r o l .   The  s y s t e m   s e n s e s   b o i l e r   p r e -  
s s u r e   or  t e m p e r a t u r e   and  c o n t r o l s   the   o n / o f f   s w i t c h   to  t h e  

s e q u e n c e r   71  and  the  f i r i n g   r a t e   c o n t r o l   s i g n a l .   The  s y s t e m  
has  two  i n t e r n a l   s t a t e s ,   m o d u l a t i n g  a n d   c y c l i n g .   The  c y c -  
l i n g   s t a t e   c o n s i s t s   of  o n / o f f   c y c l i n g   w i th   the  f i r i n g   r a t e  
l o c k e d   in  the  l o w e s t   f i r i n g   r a t e   p o s i t i o n .   The  s e t p o i n t   i s  

a d j u s t e d   w i th   l oad   by  t i m i n g   the   o n / o f f   c y c l e   d u r a t i o n s   a n d  

a d j u s t i n g   the   s e t p o i n t   means  a c c o r d i n g l y .   The  d e v i c e   is   i n  
the  c y c l i n g   mode  w h e n e v e r   the  l oad   on  the   b o i l e r   i s   l e s s  

than   the  l o w e s t   p o s s i b l e   s u s t a i n e d   f i r i n g   r a t e .   The  s y s t e m  
e n t e r s   the  m o d u l a t i n g   mode  w h e n e v e r   t he   l o a d s   are  h i g h e r  
than  the  l o w e s t   p o s s i b l e   s u s t a i n e d   f i r i n g   r a t e .   In  m o d -  

u l a t i o n ,   the   b o i l e r   is   c o n t i n u o u s l y   on  and  the  f i r i n g   r a t e  
is  v a r i e d   b e t w e e n   the   l o w e s t   and  h i g h e s t   f i r i n g   r a t e s   p o s s -  
i b l e ,   and  i n t e g r a l   a c t i o n   is  u t i l i z e d   to  e l i m i n a t e   t h e  

p r o p o r t i o n a l   o f f s e t   b e t w e e n   the   p r e s s u r e   and  the   s e t p o i n t  
in  s t e a d y   s t a t e .   The  o u t p u t   of  t he   i n t e g r a l   a c t i o n   is   a l s o  
used  to  r e s e t   the   s e t p o i n t   w i th   l o a d   v a r i a t i o n s .   I n t e r n a l  

to  the  s y s t e m ,   seven   c o n t r o l   p a r a m e t e r s   must  be  r e t a i n e d  
in  memory.  These  p a r a m e t e r s   a r e ,   t he   c o n t r o l   mode  LS  ( c y c -  

l i n g   or  m o d u l a t i n g ) ,   the   o u t p u t   s w i t c h   s t a t e ,   the   f i r i n g  
r a t e   command,  the  o u t p u t   of  the   i n t e g r a l   a c t i o n   i n t e g r a t o r  

I,  the   t imed   d u r a t i o n   of  the   most  r e c e n t   c o m p l e t e   f i r i n g  

c y c l e   (on  t i m e ) ,   t he   most  r e c e n t   c o m p l e t e   o f f   c y c l e   d u r a t i o n  

( o f f   t i m e ) ,   and  the  d u r a t i o n   of  the   p r e s e n t   h a l f   c y c l e .  



OVERALL  PROGRAM 

The  o v e r a l l   p rog ram  w i l l   be  d e s c r i b e d   f i r s t ,   and  s e v e r -  
al  f u n c t i o n s   in  i t   w i l l   then  be  d e s c r i b e d   in  more  d e t a i l .  
The  o v e r a l l   p r o g r a m   c o n s i s t s   of  s e v e r a l   f u n c t i o n s   105  to  121 

f o r m i n g   an  e n d l e s s   loop ,   wi th   a  b r a n c h   in  the  loop  for   mod-  

u l a t i n g   or  c y c l i n g   mode,  and  wi th   an  i n i t i a l   e n t r y   p a t h .  
The  f u n c t i o n s   f o l l o w   each  o t h e r   in  s e q u e n c e   u n l e s s   o t h e r -  

wise  s t a t e d .  

105:  to  s t a r t   the   p r o g r a m ,   t h i s   b l o c k   i n i t i a l i z e s   c e r t a i n  

p a r a m e t e r s .   The  mode  is  s e t   to  c y c l i n g   w i th   the  o u t -  

p u t  s w i t c h   o f f ,   f i r i n g   r a t e   to  minimum,  the  i n t e g r a l  
a c t i o n   v a l u e   to  z e r o ,   the   s t o r e d   on  and  o f f   t imes   t o  

maximum  and  minimum  r e s p e c t i v e l y ,   and  the   c y c l e   t i m e r  

to  z e r o .   Thus,  the  s y s t e m   s t a r t s   w i th   the  b o i l e r   o f f  

and  c y c l i n g   unde r   way.  The  i n t e r n a l   s e t p o i n t   w i l l   b e  

a d j u s t e d   to  t h a t   for   low  f i r e   l o a d s .  
106:  t h i s   i s   the  r e t u r n   p o i n t   fo r   the  e n d l e s s   l o o p .  
107:  r ead   i n p u t s .   The  i n p u t s   are  the  p r e s s u r e   from  t h e  

p r e s s u r e   s e n s o r ,   the  manual   i n p u t s   PH,  PL,  and  POFF, 

and  the  make  to  b r e a k   d i f f e r e n t i a l .  

108:  is  the  c o n t r o l l e r   in  the  c y c l i n g   or  m o d u l a t i n g   mode?  

The  c y c l i n g   f u n c t i o n s   (110  to  113)  or  the   m o d u l a t i n g  
f u n c t i o n s   (116  to  121)  f o l l o w   a c c o r d i n g l y .  

114:  pas s   the  o u t p u t   f i r i n g   r a t e   and  s w i t c h   s t a t e   command 

to  the  a c t u a t i n g   means.   This  t u r n s   the  b o i l e r   on  o r  

o f f ,   i f   r e q u i r e d ,   and  a d j u s t s   the  f i r i n g   r a t e   a p p r o p -  

r i a t e l y .  
115:  i n c r e m e n t   the  c y c l e   t i m e r ,   and  r e t u r n   to  1 0 6 .  

C y c l i n g   f u n c t i o n   s e q u e n c e   110  to  1 1 3 .  

This  is  as  f o l l o w s :  
110:  compute  the  s e t p o i n t   and  make  to  b r e a k   l e v e l s .  

111:  c y c l i n g   l o g i c .   This   compares   the  p r e s s u r e   v a l u e   w i t h  

the  make  and  b r e a k   p o i n t s   to  d e t e r m i n e   the   p r o p e r   o u t -  

put  s w i t c h   s t a t e .  

112:  mode  c o n t r o l   l o g i c .   This  d e t e r m i n e s   w h e t h e r   the  b u r -  

ner  is  on  and  the  p r e s s u r e   f a l l i n g ;   i f  s o ,   the   s y s t e m  



must  change  to  the  m o d u l a t i n g   s t a t e .  
113:  o n / o f f   t i m e r   l o g i c .   This   c o n t r o l s   the   t i m i n g   o f  

each   c y c l e   and  u p d a t e s   the   s t o r e d   v a l u e s   of  the  m o s t  
r e c e n t   c o m p l e t e   on  and  o f f   h a l f - c y c l e s .  

M o d u l a t i n g   f u n c t i o n   s e q u e n c e   116  to  1 2 1 .  

This  is  as  f o l l o w s :  

116:  compute   the  s e t p o i n t   and  b r e a k   l e v e l s .  
117:  compute   the  p r o p o r t i o n a l   and  i n t e g r a l   g a i n s .   T h e s e  

must  be  a d j u s t e d   fo r   the  amount  of  p r e s s u r e   r e s e t   com-  
manded  by  the   o p e r a t o r   and  the  p r e s s u r e   r ange   of  o p e r -  
a t i o n ,   and  they   c o n s t i t u t e   a u t o m a t i c   ga in   a j u s t m e n t s  
a s s u r i n g   s t a b l e   o p e r a t i o n   w i t h   c o n s i s t e n t   dynamic  r e -  

s p o n s e   under   a l l   o p e r a t i n g   c o n d i t i o n s .  
118:  compute   the  p r o p o r t i o n a l   and  i n t e g r a l   e r r o r s ,   and  t h e -  

nce  the   f i r i n g   r a t e   command.  
120:  i n c r e m e n t   the  i n t e g r a l   a c t i o n   i n t e g r a t o r   by  1  t ime  ; 

s t e p .  
121:  t e s t   b o i l e r   fo r   s h u t - o f f .   This   compares   the   p r e s s u r e  

v a l u e   w i t h   the  b r e a k   l e v e l ;   i f   the   p r e s s u r e   e x c e e d s   t h e  
b r e a k   l e v e l ,   the   b o i l e r   i s   s w i t c h e d   o f f   and  the  mode 

c h a n g e d   to  c y c l i n g .  
The  f u n c t i o n s   of  the   c y c l i n g   f u n c t i o n   s e q u e n c e   w i l l   now  b e  
d e s c r i b e d   in  d e t a i l .  

110:  compute   c y c l i n g   s e t p o i n t ,   make  and  b r e a k   l e v e l s  

This  c o n s i s t s   of  f o u r   s e q u e n t i a l   s u b f u n c t i o n s .  
1.  Compute  PON  as  TON/(TON  +  TOFF),  where   TON  and  TOFF 

are   t he   s t o r e d   on  and  o f f   t i m e s .  
2.  Compute  the  s e t p o i n t   PSET  as  POFF  +  (  P L  -   POFF)PON, 

where   POFF  and  PL  are  m a n u a l l y   e n t e r e d   s t a n d b y   and  l o w  
f i r e   s e t p o i n t s .  

3.  Compute  the  b r e a k   l e v e l   as  PSET  p l u s   the  m a n u a l l y   e n -  
t e r e d   make  to  b r e a k   d i f f e r e n t i a l .  

4.  Set   the   make  l e v e l   as  PSET. 
111:  c y c l i n g   l o g i c  

Th i s   s u b f u n c t i o n   t e s t s   the  p r e s s u r e   l e v e l ,   and  ( a )  
t u r n s   the  f i r i n g   s w i t c h   on  i f   i t   i s   o f f   and  the  p r e s s u r e   i s  



below  the  make  l e v e l ,   and  (b)  t u r n s   the  s w i t c h   o f f   i f   i t   i s  

on  and  the  p r e s s u r e   is  above  the  b r e a k   l e v e l .  
112:  mode  c o n t r o l   l o g i c  

This  s u b f u n c t i o n   p e r f o r m s   one  of  t h r e e   s e t s   of  o p e r a t -  
ions   A,  B,  and  C,  d e p e n d i n g   on  the  r e s u l t s   of  v a r i o u s   t e s t s .  
The  f i r s t   two  t e s t s   are  (1)  is  the   f i r e   on  or  o f f ? ,   and  ( 2 )  
are  the  c y c l e   t i m e r   c o n t e n t s   g r e a t e r   than   the  minimum  w a i t  

t ime?   If  the  f i r e   is  o f f ,   or  the  c y c l e   t i m e r   c o n t e n t s   a r e  
too  low  ( i n d i c a t i n g   t h a t   the  b o i l e r   has  not  been  on  for   l o n g  
enough  to  e s t a b l i s h   a  v a l i d   t r e n d ) ,   o p e r a t i o n s   A  are  p e r -  
f o r m e d .  
A:  keep  the  mode  in  c y c l i n g ,   s e t   the  i n t e g r a t o r   to  z e r o ,  

and  s e t   the  f i r i n g   r a t e   to  the  minimum  v a l u e   FL. 
If  the  f i r e   is  on  and  the  c y c l e   t i m e r   c o n t e n t s   are   l a r g e  

enough ,   t h e r e   f o l l o w s   a  t e s t   ( 3 ) ,   is  the  p r e s s u r e   above  t h e  
minimum  p o s s i b l e   s e n s o r   r e a d i n g ?   If   i t   is  no t ,   the  p r e s s u r e  
i s  b e l o w   s c a l e ,   and  o p e r a t i o n s   B  are  p e r f o r m e d .  
B:  keep  the  mode  in  c y c l i n g ,   s e t   the  i n t e g r a t o r   to  z e r o ,  

and  s e t   the  f i r i n g   r a t e   to  the  maximum  v a l u e   FH;  t h i s  
is  to  b r i n g   the  p r e s s u r e   back  i n t o   the  s e n s o r   r a n g e  
as  q u i c k l y   as  p o s s i b l e .  

I f ,   in  t e s t   ( 3 ) ,   the  p r e s s u r e   is   above  the  minimum  s e n s o r  
r e a d i n g ,   then  two  f u r t h e r   t e s t s   f o l l o w :   (4)  is  p r e s s u r e   b e -  
low  the  make  l e v e l ?   and  (5)  is  the  p r e s s u r e   f a l l i n g ?   I f  
the  p r e s s u r e   is  not   below  the  make  l e v e l ,   or  i f   the   p r e s s u r e  
is  not  f a l l i n g ,   o p e r a t i o n s   A  are  p e r f o r m e d .   O t h e r w i s e ,  
o p e r a t i o n s   C  are  p e r f o r m e d .  
C:  change  the  mode  to  m o d u l a t i n g ,   s e t   the  s t o r e d   on  a n d  

o f f   t imes   to  maximum  and  ze ro   r e s p e c t i v e l y ,   and  s e t  
the  c y c l e   t i m e r   to  z e r o .  
In  the  c y c l i n g   mode  the  f i r i n g   r a t e   command  is  n o r m -  

a l l y   f i x e d   to  the  minimum  v a l u e .   The  only  e x c e p t i o n   to  t h i s  
r u l e   is  i f   the   p r e s s u r e   is  be low  the  minimum  p o s s i b l e   s e n s o r  

r e a d i n g ,   and  the  f i r e   has  been  on  fo r   l o n g e r   than   the  m i n i -  

mum  time  ( t y p i c a l l y   60  to  120  s)  n e e d e d   to  e s t a b l i s h   a  v a l i d  

p r e s s u r e   t r e n d .   Under  t h e s e   c o n d i t i o n s ,   the   maximum  f i r i n g  



r a t e   is  a l l o w e d .   This   w i l l   a lways   b r i n g   the   p r e s s u r e   b a c k  
i n t o   the  s e n s o r   range   w i t h   the   mode  in  the  c y c l i n g   s t a t e .  

Once  the   p r e s s u r e   r i s e s   above  the  b o t t o m   of  the   s e n s o r  

r a n g e ,   the   f i r i n g   r a t e   is  d r i v e n   back   to  i t s   minimum  v a l u e .  
If   the  p r e s s u r e   f a l l s   as  a  r e s u l t   of  t h i s   a c t i o n ,   the  s e n -  
sor   can  d e t e c t   the  downward  p r e s s u r e   t r e n d   a f t e r   the  p r e s s -  
ure  has  been  d r i v e n   back  i n t o   the  s e n s o r   r a n g e .   The  downward  

p r e s s u r e   t r e n d   is  i n t e r p r e t e d   as  a  need   to  s w i t c h   to  the  , 
m o d u l a t i n g   mode,  which  a l l o w s   s t e a d y   h i g h e r   f i r i n g   r a t e s .  
I t   is  hoped  t h a t   a  s e n s o r   w i t h   a d e q u a t e   r a n g e   can  always  b e  

u t i l i z e d   to  p r e v e n t   the   p r e s s u r e   from  eve r   f a l l i n g   below  t h e  

bo t tom  of  t he   s c a l e .   This   e x t r a   mode  of  o p e r a t i o n   is   a  
backup  c o n d i t i o n ,   s h o u l d   such  a  s e n s o r   p r o v e   not   to  b e  

a v a i l a b l e .  
113:  o n / o f f   t i m e r   l o g i c  

This   s u b f u n c t i o n   s t a r t s   by  d e t e r m i n i n g   w h e t h e r   the  f i r -   I 

ing  s w i t c h ,   which  was  c o n t r o l l e d   in  s u b f u n c t i o n   111  ( c y c l i n g  

l o g i c ) ,   c h a n g e d  s t a t e   in  t h a t   s u b f u n c t i o n .   If   i t   d id ,   t h e n  

the  c y c l e   t i m e r   c o n t e n t s   are   l o a d e d   i n t o   the   o f f   t ime  ( i f  
the   s w i t c h   changed   from  o f f   to  on)  or   the   on  t ime  ( i f   t h e  

-  - swi tch   c h a n g e d   from  on  to  o f f )   s t o r a g e ,   and  the  c y c l e   t i m e r  

is  r e s e t   at  z e r o .   Also ,   the   o u t p u t   s w i t c h   is  se t   to  m a t c h  
the  c u r r e n t   s t a t e   of  the   f i r i n g   s w i t c h .  

Next ,   the   s t o r e d   o f f   t ime  is   u p d a t e d   from  the  c y c l e  
t i m e r   i f   t he   f i r e  i s   o f f   and  the   c y c l e   t i m e r   c o n t e n t s   e x -  
ceed  the  c u r r e n t   s t o r e d   o f f   t ime ,   or  the   s t o r e d   on  t ime   i s  

s i m i l a r l y . u p d a t e d   i f   the  f i r e   is   on  and  the   c y c l e   t i m e r   c o n -  
t e n t s   e x c e e d   the  c u r r e n t   s t o r e d   on  t i m e .   The  on  and  o f f  

t imes   are   used   to  compute  t h e   a p p a r e n t   l o a d   on  the   b o i l e r .  

If   the  l oad   is  r i s i n g ,   for   e x a m p l e ,   each  s u c c e s s i v e   on  t i m e  

i n t e r v a l   w i l l   be  l o n g e r   than   the   p r e v i o u s   one.   As  soon  a s  
the  on  t ime   in  the  c y c l e   t i m e r   g e t s   l o n g e r   than   the  s t o r e d  

p r e v i o u s   v a l u e   we  can  c o r r e c t l y   deduce   t h a t   the   load   h a s  

r i s e n .   Thus,   the  s t o r e d   on  t ime  is   u p d a t e d   c o n t i n u o u s l y  
a f t e r   the  c y c l e   t i m e r   g e t s   g r e a t e r   than   the   s t o r e d   v a l u e .  
If  however   the  load   is   f a l l i n g ,   the   s t o r e d   t i m e s   cannot   b e  



u p d a t e d   u n t i l   s w i t c h i n g   o c c u r s .  
The  f u n c t i o n s   of  the  m o d u l a t i n g   f u n c t i o n   s e q u e n c e   w i l l  

now  be  d e s c r i b e d   in  d e t a i l .  
116:  c o m p u t e  m o d u l a t i n g   and  s e t p o i n t   l e v e l s  

This  c o n s i s t s   of  two  s e q u e n t i a l   s u b f u n c t i o n s .  

1.  compute  PSET  as  PL  +  (PH -   P L ) I ,   where  PL  and  PH  a r e  

m a n u a l l y   e n t e r e d   and  I  is  the   i n t e g r a t o r   v a l u e .  
2.  compute  the  b r e a k   p o i n t   as  PSET  +  a  p r e d e t e r m i n e d   f r a c -  

t i o n   of  the  s e n s o r   r a n g e .   S i n c e   the   b o i l e r   is  a l r e a d y  
f i r i n g   in  the  m o d u l a t i n g   mode,  a  make  p o i n t   a s s o c i a t e d  

wi th   m o d u l a t i n g   c o n t r o l   is  not   r e q u i r e d .   The  b r e a k  

p o i n t   f o r m u l a   c o u l d   employ  the  manual   make  to  b r e a k  

d i f f e r e n t i a l .   However,   a b r u p t   l oad   c h a n g e s   would  c a u s e  
the  p r e s s u r e   to  vary  from  s e t p o i n t   d u r i n g   m o d u l a t i n g  
c o n t r o l   by  an  amount  g r e a t e r  t h a n   the  normal   make  t o  
b r e a k   d i f f e r e n t i a l .   Thus,  to  e n h a n c e   s t a b i l i t y   a n d  

p r e v e n t   u n n e c e s s a r y   c y c l i n g ,   the   manual   i n p u t   is  o v e r -  
r i d d e n   by  a  f i x e d   p e r c e n t a g e   of  the   s e n s o r   r a n g e .   T h i s  

h i g h e r   b r e a k   p o i n t   w i l l   on ly   be  u t i l i z e d   when  the   l o a d s  

f a l l   below  the  t h r o t t l i n g   r ange   of  the   b u r n e r   for   a  
s u s t a i n e d   p e r i o d   r e q u i r i n g   b u r n e r   s h u t d o w n .   This   h a p -  

pens  p e r h a p s   d a i l y   d u r i n g   some  s e a s o n s   of  the   y e a r ,  
but   no  more  f r e q u e n t l y   t han   t h a t .   Thus,  t h i s   m o d i f i c -  
a t i o n   s h o u l d   be  i n v i s i b l e   to  the   u s e r .  

118:  f i r i n g   r a t e   c o n t r o l  

The  f i r s t   s u b f u n c t i o n   of  t h i s   f u n c t i o n   is  the   c a l c u -  

l a t i o n   of  the   p r o p o r t i o n a l   e r r o r :  
EP  = (PSET -   p r e s s u r e   v a l u e ) K p ,  

where  1/Kp  is  the  t h r o t t l i n g   r a n g e .   EP  is  then   l i m i t e d   i f  
i t   is  o u t s i d e   the  r ange   1  to  -1.   If   i t   has  to  be  so  l i m i t e d  
the  i n p u t   to  the  i n t e g r a t o r   is  s e t   to  ze ro ;   o t h e r w i s e ,   t h e  

i n p u t   to  the  i n t e g r a t o r   is  s e t   to  EP .Ki ,   where  Ki  is  t h e  

i n t e g r a l   g a i n .   The  f i r i n g   r a t e   command  is   then  c a l c u l a t e d ,  

as  the  sum  of  EP  and  the  i n t e g r a t o r   o u t p u t .  
S ince   the  i n t e g r a l   o u t p u t   can  r ange   as  h igh   as  +1,  i t  

is  d e s i r a b l e   to  a l l o w   the  p r o p o r t i o n a l   ga in   to  r ange   as  low 



as  -1  to  a c h i e v e   a  ne t   f i r i n g   r a t e   command  of  zero   when 

n e c e s s a r y   unde r   dynamic   l oad   c h a n g e s .   The  i n p u t   to  t h e  

i n t e g r a t o r   i s   n o r m a l l y   the  i n t e g r a l   ga in   m u l t i p l i e d   by  t h e  

p r o p o r t i o n a l   e r r o r .   If   the   p r o p o r t i o n a l   e r r o r   is  o u t s i d e  
i t s   a l l o w e d   r ange   b e f o r e   the   l i m i t i n g   f u n c t i o n s ,   a  d r a m a t i c  
load   change  even t   must  have   o c c u r r e d .   Under  t h e s e   c o n d i t -  

i ons ,   i t   is   not   d e s i r a b l e   to  a l l o w   the  i n t e g r a t o r   to  " w i n d  

up"  to  a  l a r g e   v a l u e   d u r i n g   the   t r a n s i e n t   p e r i o d .   Thus,  t h e  

i n t e g r a t o r   i n p u t   is   s e t   to  zero   when  the  p r o p o r t i o n a l   e r r o r  
is   o u t s i d e   i t s   normal   r a n g e .  

The  f i r i n g   r a t e   command  is  c o n v e r t e d   to  the  a p p r o p r i a t e  

a n a l o g   s i g n a l   for   d r i v i n g   the   a c t u a t o r s .   T h e  i n t e g r a t o r  
o u t p u t   is  l i m i t e d   to  the   r a n g e   from  0  to  1.  Thus,  u n d e r  

some  c o n d i t i o n s   the  sum  of  the  p r o p o r t i o n a l   e r r o r   p l u s   i n -  

t e g r a l   o u t p u t   may  be  g r e a t e r   than   the   h i g h e s t   f i r i n g   r a t e  
command  p o s s i b l e   or  l e s s   t han   the  l o w e s t   f i r i n g   r a t e   command 

p o s s i b l e .   The  d i g i t a l   to  a n a l o g   c o n v e r s i o n   must  e f f e c t   a  
l i m i t   f u n c t i o n   in  such  a  way  t h a t   the   a c t u a t o r s   are  a c t u a l l y  
d r i v e n   to  e i t h e r   e x t r e m e   p o s i t i o n   when  the   command  is  o u t -  
s i d e   the  l i m i t .  

120:  i n t e g r a l   a c t i o n  

I n   t h i s   f u n c t i o n ,   the   i n t e g r a l   o u t p u t   v a l u e   is  u p d a t e d  

by  i n c r e m e n t i n g   i t   w i t h   the  p r o d u c t   of  the   c y c l e   t ime  i n c r e -  

ment  and  the   i n p u t   to  the  i n t e g r a t o r ,   as  c a l c u l a t e d   in  f u n -  

c t i o n   1 1 8 .  

121:  t e s t   fo r   b o i l e r   s h u t - o f f  

This   f u n c t i o n   d e t e r m i n e s   w h e t h e r   the  b o i l e r   is   to  b e  

shu t   donw;  i f   i t   i s ,   the  mode  c h a n g e s   to  the   c y c l i n g   mode .  

The  f u n c t i o n   b e g i n s   w i t h   t h r e e   t e s t s .   If   ( a ) ,   the   f i r e  i s  

on,  (b)  the   p r e s s u r e   is   be low  a  f i x e d   maximum  l e v e l ,   a n d  

(c)  the  p r e s s u r e   is  be low  the   b r e a k   l e v e l ,   then   the   s y s t e m  
rema ins   in  the   m o d u l a t i n g   mode.  There   are   many  s a f e t y   i n -  

t e r l o c k   c o n t r o l s   which  can  s h u t   the   b o i l e r   down  for   r e a s o n s  
o t h e r   than   s t eam  p r e s s u r e .   If   one  of  t h e s e   o t h e r   s h u t d o w n  

e v e n t s   o c c u r s ,   the  s y s t e m   must   conform  w i th   t h a t   e v e n t .  

The  f i x e d   maximum  a l l o w e d   p r e s s u r e   l e v e l   may  be  the  u p p e r  



l i m i t   of  the  p r e s s u r e   s e n s o r   r a n g e .  
However,   i f   any  of  t h e s e   c i r t e r i a   is  not  met,  then  t h e  

sys t em  changes   to  the  c y c l i n g   mode.  This   is  a c h i e v e d   b y  
t u r n i n g   of f   the  f i r e   s w i t c h ,   s e t t i n g   the  i n t e g r a l   o u t p u t  
to  z e ro ,   s e t t i n g   the  s t o r e d   on  and  o f f   t imes   to  the  maximum 

and  minimum  v a l u e s   r e s p e c t i v e l y ,   s e t t i n g   the  mode  to  c y c -  
l i n g ,   and  s e t t i n g   the  f i r i n g   r a t e   command  to  the  min imum 

v a l u e .   In  t h i s   way,  when  the   c o n t r o l   b e g i n s   c y c l i c   o p e r a t -  

ion ,   the  long  on  t ime  c a u s e s   the   s e t p o i n t   r e s e t   s u b f u n c t i o n  
in  the  c y c l i n g   mode  to  command  a  s e t p o i n t   e q u a l   to  the  l o w  

f i r e   s e t p o i n t   v a l u e .   Thus,  in  t he   case   of  a  g r a d u a l   d r o p  
in  l oad ,   the  m o d u l a t i n g   c o n t r o l   w i l l   r e s e t   the   s e t p o i n t  

down  to  the  low  f i r e   v a l u e   and  c y c l i n g   o p e r a t i o n   w i l l   b e g i n  
from  t h a t   s e t p o i n t   l e v e l .   This   e n s u r e s   a  " b u m p l e s s "   t r a n s -  

i t i o n   from  one  mode  to  a n o t h e r .  



1.  A  c o n t r o l   s y s t e m   f o r   a  b o i l e r   or  the   l i k e   w h e r e i n   an  
o n / o f f   c o n t r o l   s i g n a l   and  a  p r o p o r t i o n a l   c o n t r o l   s i g -  
na l   are   g e n e r a t e d   in  r e s p o n s e   to  a  s e n s e d   c o n d i t i o n  

v a l u e ,   c h a r a c t e r i z e d   by  mode  c o n t r o l   c i r c u i t r y   ( 8 6 ) ,  
wh ich ,   when  the  s y s t e m   in  the  c y c l i n g   mode  (LS  =  1 ) ,  
h o l d s   the  f i r i n g   r a t e   of  the   b o i l e r   to  the  l o w e s t   r a t e  

(LF),   and  changes   the   mode  to  p r o p o r t i o n a l   ( m o d u l a t -  
ing)   i f   the  s e n s e d   c o n d i t i o n   v a l u e   f a l l s   w h i l e   i n  t h e  

c y c l i n g   m o d e .  
2 .  A   c o n t r o l   s y s t e m   a c c o r d i n g   to  Claim  1,  c h a r a c t e r i z e d  

in  t h a t   the   s e n s e d   c o n d i t i o n   v a l u e   i s   d i f f e r e n c e d   w i t h  

a  s e t p o i n t   v a l u e   ( P S E T )  t o   form  a  p r o p o r t i o n a l   e r r o r  
s i g n a l   (EP) ,   and  by  an  i n t e g r a l   a c t i o n   i n t e g r a t o r   ( 5 7 )  
the   o u t p u t   of  which  is  combined   w i t h   t he   p r o p o r t i o n a l  
e r r o r   s i g n a l   to  form  the   p r o p o r t i o n a l   c o n t r o l   s i g n a l  
and  is   used   ( a t   44)  to  a d j u s t   the   s e t p o i n t   v a l u e   i n  

the  m o d u l a t i n g   mode .  
3.  A  c o n t r o l   s y s t e m   a c c o r d i n g   to  e i t h e r   p r e v i o u s   C l a i m ,  

c h a r a c t e r i z e d   in  t h a t   the  duty   r a t i o   (PON)  of  the  c y c -  
l i n g   is   used   to  a d j u s t   the  s e t p o i n t   s i g n a l   in  the   c y c -  
l i n g  m o d e .  

4.  A  c o n t r o l   s y s t e m   a c c o r d i n g   to  Cla ims  2  and  3,  c h a r a c -  

t e r i z e d   in  t h a t   the   s e t p o i n t   s i g n a l   is  d e t e r m i n e d   i n  

d e p e n d e n c e   on  m a n u a l l y   e n t e r e d   low  f i r e   (PL),   h igh  f i r e  

(PH),  and  o f f   (POFF)  r a t e s .  
5.  A  c o n t r o l   s y s t e m   a c c o r d i n g   to  any  p r e v i o u s   Claim,  c h a r -  

a c t e r i z e d   by  s w i t c h i n g   means  (65)  fo r   p a s s i n g   t h e  

p r o p o r t i o n a l   c o n t r o l   s i g n a l   to  the  b o i l e r   and  c o n t r o -  

l l e d   by  t he   mode  c o n t r o l   c i r c u i t r y .  
6.  A  c o n t r o l   s y s t e m   a c c o r d i n g   to  any  p r e v i o u s   Cla im,   c h a r -  

a c t e r i z e d   in  t h a t   the   s e n s e d   c o n d i t i o n   is   p r e s s u r e .  
7.  A  c o n t r o l   s y s t e m   a c c o r d i n g   to  any  p r e v i o u s   Claim,  c h a r -  

a c t e r i z e d   in  t h a t   the   means  (51)  fo r   g e n e r a t i n g   t h e  

o n / o f f   c o n t r o l   s i g n a l   has  the   w i d t h   of  i t s   d i f f e r e n t i a l  



band  a d j u s t e d   (by  94)  in  d e p e n d e n c e   on  the  o p e r a t i n g   mode 

( s i g n a l   L S ) .  
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